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1: - Sm^ARY . ■
Carbon monoxide (00) has in the .past been considered only in 
respect of its acute toxic properties. Possible pathological 
effects of prolonged exposure to low concentrations of the gas 
(chronic exposure) have more recently been thought M t e  of 
importance* The. thesis investigates the likely pathological 
effects of GO in terms of demonstrable physiological effects of 
chronic exposure.
The most widespread source of chronic CO exposure has been 
identified by a number of workers as cigarette smoking. In the 
present study smokers had up to "■''¥$> oarboxyhaemoglobin (COHb) f 
the blood concentration depending among other factors on the number 
of cigarettes smoked per day and activity levels whilst smoking.
Rabbits chronically exposed to between 200 and 400 parts per 
million (p.p.m) 00 were shown to have many haematological features 
of acclimatisation to hypoxic hypoxia including an increase in red 
cell count and haemoglobin. After prolonged exposure the 
haeraatologieal changes were seen to reverse.
Initial exposure to 200 p.p.m CO produced in rabbits a mean blood 
concentration of 17?» COUb. At 300 p.p.m the initial concentration 
was 24p and at 400 p.p.m After 30 day & continuous exposure
the COHb concentration fell to about of these initial concentrations. 
Further experiments demonstrated that a rise in blood oxygen saturation 
and POg accompanies prolonged exposure and may explain this phenomenon.
Another aspect of acclimatisation was demonstrated as a lowered 
rate of uptake of the gas after an animal had been chronically exposed. 
Experiments showed that this can be partly simulated by acclimatisation 
to hypoxic hypoxia or by red cell transfusion. However CO exposure
lowered the uptake rate over and above that which can be explained 
solely as a.result of an increase in red cell numbers.
Most workers consider that the fundamental physiological 
property of 00 is to cause tissus hypoxia. rihe suspected 
mechanisms by which 00 can -bring this about wore identified in 
the present study as including a reduction in the quantity of 
functional haemoglobin, a shift to the loft of the oxyhaemoglobin 
dissociation curve and a fall in arterial partial pressure of 
oxygen (Pol and oxygen saturation. Acclimatisation was seenV- 
to reverse some of these hypoxic stresses but the shifted dissociation 
curve remained even after prolonged exposure.
■In. the non-nnaesthetised rabbit, a small but significant rise 
in blood glucose was observed within the first three hours of exposure 
to 200 p.p.m CO, however this had returned to normal after 48 hours 
continuous exposure. A similar glycogenic effect of CO was observed 
in anaesthetised rabbits and this could also bo reproduced by exposure 
to a low inspired Pog. This glycogenic effect was not inhibited 
by a dose of VHydergtneV (a catecholamine inhiMior)sufficient to 
reduce by 50f*> the hyperglycaemio effect of a largf dose of adrenaline.
I.'any recent suggestions have been made that chronic CO exposure 
resulting from cigarette smoking may be responsible for some of the 
known pathological consequences of smoking. The present study 
includes investigations into some aspects of the implications of 
CO in the consequences of smoking in pregnancy and in the aetiology 
of atherosclerosis.
The present study illustrates that the human foetus acquires 
about 1*8 limes the COHb concentration of the mother and it was
also demonstrated that the foetal oxyhaomogloMn dissocation 
curve is shifted to the left in the presence of CO in a similar 
way to the adult curve* The possible significance of these 
observations in the retarded intra-uterine growth of the foetus, 
known to result from cigarette smoking, is discussed.
In a series of experiments with rabbits, GO was seen to 
enhance the deposition of cholesterol in the arterial wall. 
Cholesterol feeding and CO exposure for four months . resulted in ■ 
a marked increase in the severity of arterial lesions compared 
to either cholesterol feeding alone or CO exposure alone.
A study of the arterial intima after chronic CO exposure 
revr- %q\ structural alterations characterised by flattening of 
the normal ridge pattern, and endothelial ulceration.
The possible si^aificance of these observations in the 
known association between cigarette smoking and arterial patholo,^ 
is discussed. •
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he has shown throughout this work. I am grateful to him also 
for reading this thesis and for his guidance in Its preparation*
I record also my thanks to Shirley Rutherford and Pen Scruton 
who have given me expert technical assistance at Surrey. I am 
grateful to '.Mr* B. Haish, Chief Technician, for his considerable 
help and advice with many technical aspects of the work. Mr. Jim 
Allen helped with the preparation of the histological material for 
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He was responsible also for writing the computer i-rograra for this 
work. X am grateful to John for much statistical and mathematical 
advice elsewhere in this thesis.
Mrs. Anne Robinson was kind enough to translate large parts 
of Dewin's book on Carbon Monoxide from German. Much useful 
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I acknowledge gratefully the help given by two departments at 
the University of Surrey. The Structural Studies Unit were kind 
enough to allow me the use of the Electron Scan Microscope. The
Audio Visual Aids Unit were responsible for the preparation of 
most of the figures in'this manuscript and I urn particularly 
grateful to Teh Hung Kweng for his very professional services.
Last, but by no means least, 1 shall for ever be in debt 
to my wife Maureen for her patience and understanding during the 
many hours of isolation during the preparation of the thesis, 
and for the many evenings spent alone during the course of the 
■experimental'work. ; I am also grateful:to her.for typing the 
manuscript and for her help in its assembly. Without her support 
this thesis would not have been completed.
7i. ferly History of Carbon Monoxide
Man-made carbon monoxide is as old as the discovery of fire* 
According the Greek Mythology, Prometheus stole 'the heavenly fire 
from the Gods, and in bringing fire to mankind became the founder 
of civilisation ( von OetMngen 1944)* Mythology aside, man has 
almost certainly had the ability to create fire since the time of 
Peking Man (l§me§ 196$) • Gave deposits at Choukcu-tien where 
Peking mar*. (Sinanthropus) was found, are dated as middle pleistocene 
and contain strong evidence of his use of fire. According to 
James there is some evidence that flint instruments found in the 
Red Crag in East Anglia dating from the Pleiocene were associated 
with fire*. ; ■
It seems likely then that this early use of fire must have 
exposed the cavo occupants to considerable quantities of fumes- 
including carbon monoxide.
Lewin (192Q) cites many instances from ancient Greek and Latin 
literature which make it apparent that carbon monoxide poisoning from 
smoke, whether by accident or design, has been recorded since at . 
least 200 B.C. Lewin quote’s Livius’s recollection of an incident 
during the second Punic war. "The Campanior who were allies of 
the Carthaginians against the Homans gave a great invitation after 
a victorious battleon .Roman-soil. The invitations went to all 
distinguished leaders of the Carthaginian army and to the local 
Roman dignitaries to participate in a Roman bath festivity. Y,hen 
everybody was assembled in the nicely heated baths the Campanier 
who guarded the entrances for all the distinguished guest, simultane­
ously locked all the doors from the outside to the baths. How the
smoke of the wood cinders end the heat took over end all the 
"guests" were miserably murdered." Lewln considers this to be 
the first recorded instance of carbon monoxide poisoning.
In the year 86 BO Marius gave orders to his opposition to 
take their own lives or he would have than killed. Butatius 
Catalus one of his former colleagues, looked himself Into his 
room with plenty of burning cinders and died. In 68 BC Seireca 
ended his life by order of Hero by inhaling coal smoke in his bath.
At the time of ;0icerg_( 106-45 BC) poisoning by smoke was 
of ten used as punishment. Around the year 250 Ah Bristratus assumed 
that the dilution of air by smoke causes the poisonous condition ; 
"such thin air could neither be taken up nor be contained by 
the arteries, so that a living body had to die by the shortage 
of air." However the Greek physician Galen did not believe 
this could be the true reason for the poisonous action of the smoke 
because "there is no reason to believe that smoke is lighter than 
air". Galen believed that in nature as in food, there are things 
which are good for the body and things which are harmful. In 
smoke he believed there were certain constituents that were harmful 
to the human and animal body.
In the year 172 AD Buoius Verus crowned himself Caesar. In 
doing so, he had to remove a number of political adversaries.
To do this he ordered the erection of an 80 to 100 foot pole 
and for the condemned to be hung from top to bottom of it by their 
foot. He then ordered a fire to be lit under the pole "so that 
the lower ones would be eaten by the fire, the middle ones poisoned 
by the smoke and the upper ones be killed by fear."
Julian the Apostate (331-3&3 AD) in one of his satires 
tells how he was almost suffocated while in winter Quarters in 
Paris. Owing to the severe cold he had a small fire brought 
into his room hut the vapour affected his head and put him to 
sleep and he was carried out unconscious.
At the time of Septimus Severus (Bnneror of Home 193-211 AD) 
and of Mocletion (Smperor 284-305 AD) many martyrs died by 
inhaling the fumes of burning the “greenest - possible most 
smoke - producing wood.”
About 35B AD the Impress Pansta. who had her stepson Caesar 
Crispue, killed by poison was punished by suffocation with charcoal 
vapour in the bath.
Despite the many accounts of the use of wood or charcoal 
vapours for suicide or murder there was no understanding of the 
real reasons for its effects. Cassius in .'Medical Questions 
(130 AD) attributed the cause of the untoward effects of charcoal 
vapour to the action of the dry heat and not to any constituent 
of the vapour.
As late as the fifteen century there was much confusion and 
superstitition surrounding deaths fro© smoke poisoning. Ilarsilius 
Ficinus (1433-1499) believed that all coals when burnt could cause 
headaches but indicated also that extinguishing the coal could 
cause fumes which would result in even greater bodily harm. 
lercurialis (l60l) wrote that “bad coal was the source of the 
trouble.” At about this time also the sudden deaths of miners 
underground was attributed to the supernatural.
Paracelsus and Agricola both mention spirits as a cause of 
these deaths and recommended prayers as preventive measures.
B&en as late aa the eighteenth century# deaths associated with 
smoke poisoning were being attributed to the devil. Such was 
the reason for the death of an Augustinian Honk found unconscious< 
in his cell from the fumes of a fire lit the previous night.
1’he symptoms of carbon monoxide poisoning seem to have been 
recorded long before carbon monoxide was known to be the causative 
agent. Aristotle mentions headache as a symptom of smoke inhalation 
and Cassius in i^ edical Questions (150 AD) emphasises this. About 
the middle of the third century two other characteristic symptoms, 
the disturbance of movement and sensation was described by 
Aurelianus, and that of ’fullness* of the head was mentioned by 
Itocellinus.
From the sixteenth century on, a more complete symptomatology 
was compiled. Amatus busitanus, a Jewish Physician, described 
central nervous effects, and among other causes mentions that of 
a women who became epileptic through burning coals in a vessel 
on her head* Christoph a Yega in 1576 was the first to notice 
fever Ms a result of smoke poisoning. In 1588 Marcelli Donati 
published his ’De medica historica mirabilus’ in which he makes 
several reference to coal t'me poisoning. Bonatl seems also to 
have been the first to describe the peculiar pink colouration of 
the skin characteristic of carbon monoxide poisoning. Wepfer 
(1727) also makes reference to a poisoned victim as having "bright 
red face and breast." Glaus Borrichus (1629-90) appears to have 
been the first to notice individual susceptibility to poisoning.
He reported the incident of two men sleeping in the same room 
heated by coal, one was found; dead in the morning while the other 
was only severely poisoned.
The fact that the poisonous gas was odourless was first 
mentioned by Baoonis de Verularaio In 1648. (Sayers and Davenport 
1925). Unlike his predecessors, hev appears to he the first to 
describe the gas as ’vapour carbonum* instead of "fumes”. Tan 
Helmont was the first to call the poisonous fumes "carbon gas”. 
(Sayers and Davenport 1925)
The discovery of carbon monoxide was made by F. de Lassone 
in 1776 who prepared it by reducing zinc oxide with carbon. Inr 
1796 Priestley prepared the gas by heating Iron oxide with charcoal. 
Lavoisier discovered that the gas prepared in this way could b$r 
burned and converted to carbon dioxide. It was not until 1800 
that Cruickshank definitely showed that the gas was "nothing but 
a gaseous oxide of carbon ”. (Sayers and Davenport 1925)
Despite not knowing what the gas was Boerhave (1732) made 
what was probably the first animal experiments with carbon monoxide. 
He found that all red-hot organic matter gave off a vapour which 
would quickly kill an animal shut up in a $gnfined space. After 
the discovery of the nature of the gas Claude Bernard (1857) is 
usually attributed with the first observation that it displaces 
the oxygen in the blood resulting in a cherry-red blood colouration. 
However Lewin claims that Troja (1778) was the first to describe 
the blood colouration (having previously been attributed to skin 
colouration) and Piorry is also quoted„ as calling attention to 
it in 1826. Hoppe-Seyler (1857 - I858) appears to have independ­
ently shown that CO displaces blood oxygen in the same year as 
Bernard. Troia (1778) is also attributed with the first observation
that many cold blood animals could live for a long time in
an atmosphere containing coal fumes, and that there were
individual susceptibilities to the gas among animals (Lev?in
1920) thts confirming the earlier observation in humans by
Borrichus (1629-90)
Sir Humphrey Davy (1778-1829) appears to have been the
first to attempt to inhale experimentally prepared carbon
monoxide in 1800. He describes his symptoms thuss-
"In less that a minute, X was able to walk and the painful
oppression on the chest directed me to the open air. After.
making a few steps which carried me to the garden, my head became
giddy, roy knees trembled, and X had iust sufficient voluntary
power to throw myself on the grass. Here the painful feelings
of the chest increased with such violence as to threaten suffocation".
Davy goes on to describe how he asked his assistant for some
nitrous oxide believing this would relieve him symptoms. Perhaps
fortun 1 tely for him, the only gas that was available was a mixture
of pure oxygen and nitrous oxide, which he breathed for a few
minutes, and relieved hi© sy®ptoms.
Samuel Witter (1814) although knowing of Davy*© experiment
repeated it with almost exactly the same results. Ills symptoms
included convulsions, excessive headache, quick irregular pulse,
total blindness, vertigo, sickness and alternations of heat and
shivering. An emetic of tartarised antimony seems to have relieved 
Witter, of ihdse alarming symptoms. ■
This experimental approach to carbon monoxide physiology
continued with Haldane’s more cautious self-administration of the
gas in 1895* Hi© careful logging of the progressive symptoms 
together with measured carboxyhaemoglobin levels marks the 
beginning of the accumulation of knowledge of carbon monoxide 
intoxication derived from properly conducted scientific experiments.
ii. The History of Tobacco Smoking .,=■
Tobacco smoking is known to have played a part in the 
religious ceremonies of American Indian tribes as early as the 
16th century, end indeed still forms part of their cultural rites 
today (Fletcher 1966) * According to Fletcher, the habit of 
smoking tobacco leaf .probably-originated among the American 
Indians. Jacques Cartier observed the practice during his 
exploration of the St. Lawrence Valley in about 1540, and Francis 
Drake noted it as a custom among the.Indians on the West Coast - 
'/of North America. Hie spread of the practice from Worth America 
to the rest of the world has been amazingly rapid. Although 
no precise date can bo set upon its introduction into Europe it 
is likely that ftpanioh explorers first brought tobacco back to 
the Hew World about the middle of the 16th century. Settlers in 
Spanish America were-known to have-chewed, smoked and sniffed 
tobacco (Fletcher 1966). Francisco Fernandes presented tobacco 
plants to Philip XX of Spain in 1558 end Jean Hicot, French 
Ambassador to Portugal is . reported' to . have given Catherine de 
Hedieis some tobacco seeds. She■appears■to have succeeded.in 
cultivating the plant since she is reported to have subsequently 
acquired the habit of anuff taking (Fletcher 1966),
One of the principle pharmacological agents in tobacco - 
nicotine - takes its name from Jean Uicot, Tobacco may have 
been introduced also into Italy by Christopher Columbus about 
1500, which must rani; in virtue somewhere between his discovery 
of America and the supposed introduction of syphilis into the 
Few World by his sailors*.
15
■Tobacco reached England early in the Reign of Queen 
Elizabeth I (about 15.66)* There appears to be no justification 
that any one individual was responsible for its initial introduction. 
Sir John HawMhs Is sorsetliiies attributed with bringing tobacco to 
Bagland, which is possible in view of his adventures with the 
Spanish who were known at that time to have acquired the habit.
The popular belief that Sir Walter Raleigh introducecQ tobacco 
to this country is certain to be untrue since he would have been 
only 8 years of age in I56O5 although he probably did rsuch to 
popularise the habit and lend respectability to it, by smoking 
freely in the Elizabethan Court * Tobacco smoking appears 
frequently in the writings of Mizabethan authors such as Ren 
Johnson, 8ir Robert Cecil, Bekker and Spenser. The Importation 
of tobacco was great enough in !590 for Queen Elizabeth X to 
introduce an import duty of 2d a pound (Royal College of 
Physicians 1971). In 1603 James I issued a strong condemnation of 
smoking and imposed 6 -high tax on tobacco. In 16$2 tobacco 
cultivation in England was prohibited in order to aid the agriculture 
of the American colonies. ■
Tobaccosm<|kdrg seems to have spread throu^out Europe end 
from there established itself in many parts of Asia. It was 
carried by the Portugese and other European sailors and by the 
Turks and Arabs to Africa. In Africa it appears to have spread 
in advance of civilisation. V.hen Dr. David livings tone reached 
the centre of the African Continent in 1871 he found that tobacco 
smoking was so well established that like the American Indians 
it had become part of their religious ceremonies. So important
was the habit that African warriors were often burned with their 
pipes so that it could comfort the® on their long journey*
The numbers of people smoking tobacco or taking it in 
the form of chewing or snuff, was very smell during the 16th century, 
although during the 17th century tobacco consumption rose steadily 
(Koyal College of Physicians 1971) • Smoking, tobacco m s  almost 
exclusively in pipes* By the end of the 17th century snuff talcing 
replaced smoking in the more fashionable circles, although pipe - 
smoking continued to be popular among the general population* ...
Cigars were introduced at the beginning of the 19th .century 
but never became popular. in. Britain. Cigarettes were first made in : . 
the middle of the 18th century in Brazil and like tobacco earlier 
•. found their way into Europe via Spain. ,. Cigarette smoking was 
brought to this country by troops returning from the Crimean War 
in 1858. The amount of tobacco ssoked in the form of cigarettes 
was negligible until the beginning of the present century vhen the . 
introduction of milder tobaccos from Virginia and increasing 
prosperity encouraged the habit. Since the beginning of the 
century there has been a steady increase in the number of cigarettes 
smoked with sharp increases during both world wars.;; Smoking was : 
almost entirely a male habit until after the first world war when 
women began to take it up* From 1920 onwards the numbers of 
cigarettes smoked by women has increased steadily so that by 1970 
women smoked one third of all cigarettes smoked in this country 
{Royal College"of Physicians 1971)•
Tobacco smoking has been variously condemned and praised since 
its introduction to civilisation. In the 16th century Pope Urban TUI
excommunicated those who smoked or snuffed tobacco in the 
churches of Spain. In 1650 Pope Innocent X threatened with 
excommunication those who snuffed tobacco in St. Peter’s in 
Rome. The extreme punishment for smokihg was introduced in 
luneburg in Gem any where the death penalty was enforced in 
1691* ■ ’ . . . .
In the 17th centum in Turkey, smoking was prohibited 
because it violated the laws' of th© Koran. The 'nos© of the 
tobacco user was pierced* the stem of a pipe was passed - through 
it, and he was ridden through the street on'a' donkey. Murad XV 
of Turkey introduced the death penalty for smoking in 1620. In 
Persia and. Russia toe,- smoking was-punishable by torture and death.' 
Despite this smoking became so popular that Peter the Great was 
forced to abolish the death penalty and make smoking legal.
Interestingly condemnation 'of smoking came exclusively from 
religious and national -leaders. Hie Medical profession found . - ■
smoking to be entirely beneficial. The French physician Koliere 
wrote of tobacco "it"not onlyii^ efreshes and cleane i»he brain, but 
also leads the sole to virtue and teaches honesty." A Dutch 
physician Bontekoe said' that -’’nothing, is more necessary and beneficial 
to life and:health’that the smoke of tobacco. ■■ It gladdens-the ■ 
heart in solitude and relieves a sedentary life of all discomforts.” 
During the last 300 years the feelings on smoking have reversed.
Today the Medical profession is almost universal in its condemnation 
whilst political lenders do little to discourage the habit because 
tobacco tax has become a major source of revenue.
H i  Sources o f  Carbon Monoxide (Up)
The normal carboxyhaemoglobin concentration (COHb) in man 
is about 0*5?** (Coburn, Blakemore and Forster 1963)* This level, 
arising from endogenous CO production, is normally only exceeded 
as a result of breathing an atmosphere containing CO (Haldane 1895)* 
Apart from endogenous production CO is found in the environment 
as a result of the incomplete combustion of carbon containing 
materials (Von Oettingeh'. 1944)* The quantities emitted into 
the atmosphere have increased steadily since the Industrial 
revolution and particularly since the introduction of the petrol 
engine. (U.S. Department of Health, Education and Welfare 1970 )• 
According to the U.S. Department of Health, fuel combustion for 
transport purposes is the principle source of CO in most Western 
countries, whilst static combustion sources such as forest fires 
and Industrial processes form the next largest emission source. 
Disposal of solid wastes by incineration or open burning and static 
combustion of fuel in domestic fires for example provide the least 
source of the gas. The figures for total CO production in the 
United States in 1988 as provided by the U.S. Department of Health 
are shown in table 1.1. It can be seen that motor vehicles directly 
provide about 58?* of the total and a further undetermined amount 
must be added to this as an indirect source resulting from motor 
.vehicle manufacture. Motor vehicles therefore, produce a large 
proportion of the total 00 emission.
Less complete data is available for Britain but published 
estimates also confirm that a large proportion of CO production 
derives from road traffic, (tablet, 2) (National Society for Clean 
Air 1971)
TABLE 1.1
Source . CO emission in millions 
tons per year
Percent of 
total
Transportation
Petrol Motor Vehicles 59.0 58.0
Diesel Motor Vehicles 0.2 0.2
Aircraft ■■■■:' 2.4 2.4
Vessels 0.3 0.3
Railroads 0.1 0.1
Other non-road users 
of motor fdel~ 1.8 1.8
TOTAL 63.8 62.8
Fuel Combustion in 
Stationary Sources
Coal 0.8 0.8
Fuel Oil 0.1 0.1
Kaiaral gas negligible -
Wood 1.0 1.0
TOTAL 1.9 ' 1.9
Industrial Processes
TOTAL 11.2 . 11.0
Solid Waste Disposal
TOTAL 7.8 7.7
Miscellaneous
Man made 9.7 9*5
Forest fires 7.2 7.1
TOTAL. 16.9 16.6
TOTAL 101.6 100.0
Carbon monoxide emissions from various sources in the Undted 
^tates in 1968. (U.S.Dept, of Health, Education and ?/elfare 1970 )•
TABLE 1. 2
Source ; CO emission in millions 
tonnes per year
Percent of total 
(calculated)
Transportation
Petrol Kotor Vehicles 6.70 39.86
Diesel Motor Vehicles 0.11 / O .65
TOTAL . : ! 6.81 40.51
Fuel Combustion in 
Stationary Sotirces
Domestic Heating
■ ' 5SQTAL ■ 4.00 ■ 23.80
Industrial Processes
TOTAL : : ■ ; V. , .6.00 55.69
TOTAL 16.81 100.0
Carbon -Monoxide emissions from various sources in the 
United Kingdom in 1970 (national Society for Clean Air 
1971).
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A further source of CO not indicated in table 1*1 or 1 4*;2is that 
derived from the burning of tobacco*(Toth 1907)* The consumption 
of tobacco in the United Kingdom in 1968 was about 240 million 
pounds (540 million Kg) (Royal College of Physicians 1971)* The 
avergge yield of carbon monoxide from one gram of tobacco is 20 mis* 
(Lehmann 1908* Ehrisman and Abel 1934* * Danielson 1949) • At 25°C 
the density of CO is 1.15g*/liter (U*S* Dept* of Health Education 
and Welfare 1970 )• The 'weight of CO produced from one gram of 
tobacco burnt in the form of a cigarette can therefore be calculated 
to be 12,400 tonnes* The metric ton (tonne) is 1,000 Kilograms 
which is nearly equivalent to the ton avoirdupois (1,016*0 Kg/ton)*
Jaffe (1970) has calculated that about 10,000 tons of CO is 
produced from cigarette consumption per annum.in the United States.
The fact that CO was formed endogenously was first Suspected by 
French workers. (Grehant 1894> de Saint Martin I898., Nicloux 1898, 
3924# 1925)* Roughton and Root (1945) also suggested that this was 
so, but the first evidence, based on expired production of carbon 
monoxide, that ruled out any possible exogenous source of the gas was 
that given by Sfostrand in 1949* Cobum, BlaMimiore and Forster (1963) 
were able to measure directly the rate of CO production, using a 
rebreathing system, and found it to be in the order of 0*42 ml* per 
hour in man* Ludwig (1957) showed that Haeme, which is a cyclic 
tetrapyrole, loses its^C-methene bridge carbon atom on conversion 
to bilirubin, and that it is this carbon atom Incompletely oxidised, 
which is the source of endogenous carbon monoxide* This CO attaches 
itself to functional haemoglobin and is only slowly dissociated and 
excreted via the lungs (Cobum Blakemore and Forster 1963). The 
quanties contained in the blood as COHb are theref ore dependent upon
the rate of red cell destruction on the one hand and pulmonary 
excretion on the other* Sjostrand (1949) has calculated that 
the normal rate of CO production would result in a blood concentration 
of 0*5$ COHb, a value which would be in close agreement to that 
derived from the work of Coburn* Sjostrand (1951) and Engstedt 
(1957) showed that the rate of endogenous CO production was 
positively correlated to the presence of haemolytic disease, or 
to other causes of increased haemoglobin degradation, such as 
extensive trauma or mis-matched blood transfusion. From several 
reports it would appear that COHb concentrations of about 3$ 
are not unco~mon in haemolytic disease of the newborn. (B-jUre 
and Fallstrora 1965*, Fallstrom 1968., Engstedt 1957*» Oski and 
Altman 1962). The highest level appears to be that reported by 
Engstedt of 4*3$*
Other situations-in which endogenous production of CO has 
been reported to be of significance are where pulmonary exccetion 
of the gas has been limited. Middleton (1965) found levels up 
to 800 parts per million (p.p.m.) in closed circuit anaesthetic 
systems. This endogenous production has also been held to be a 
hazard to astronauts breathing in a confined hermetically sealed ‘ 
capsule. (Bogatov et. al. I96I). It has long been known that 
CO accumulates in submarines and this has usually been attributed 
to contamination from the.jengines, or to cigarette smoking. It is 
now apparent that the crew members themselves may be an important 
source of the gas. (U.S. Dept, of Health, Education and Welfare 
I97O: ) • The total CO production from endogenous sources for a 
given community, can be calculated in much the same way as it can 
for cigarette smoking. The population of the United Kingdom in.
1970 was 55,711*000 (Central Statistical Office 1971). If it 
is assumed that each of these people are excreting 0*42 mis* per 
hour (Coburn, Blelcemore and Forster 19&3) * then the total 
endogenous production from human sources can be calculated to be 
236 tonnes per year* This figure is likely to be an overestimate 
since it does not take into account the age and weight distribution 
of the population. Fall strom (1968) has shown that normal neonates 
produce about the same or slightly more CO than adults presumably 
reflecting the hi#ier mte of haemoglobin turnover in the neonate.
It is unlikely that this 'high rate is maintained long into infancy 
although the relationship betwee;r.*.age and weight and C0 production 
is unknown.
As well as the human production of 00, other biological 
sources are known to exist. Other haemoglobin containing species 
are assumed to produce CO in the same way as man althou^i there is 
little direct evidence for this (laffe 1970a). Other biological 
sources include marine algae (Lowwue and Belwiche 1965)*, higher 
marine plants (Delwiche 1970) germinating seeds (Wilks 1959)* » 
some mico-organiems (Westlake et d. I96I and marine siphonophores 
(Hydrosoan jellyfish) (Barham .and Wilton 1964).
The total biological production is difficult to quantify 
and no reliable data is available ae to its extent. Jaffe, however 
estimates it to be at least 50 million tons per year. (Jaffe 1970a)
It has been said that atmospheric contamination by CO arises 
very largely from motor vehicle emissions. (U.S. Dept, of Health, 
Education and Welfare 1970(3. The quantity of GO emitted from a 
vehicle varies from vehicle to vehicle and in a single vehicle depends 
on the mode of running (U.S. Sept. of Health Education and Welfare 1970: )
Variation between vehicles arises largely from differences in the'
' air/fuel ratio. According to Hagen and'Holiday (1964) at air-fuel 
ratios of about 15si the GO content of the exhaust gas is less 
that 0*5$ by volume. At ratios of less than this the CO content 
. increases so that at en&ir/fuel ratio of 11 si it is 8$ by volume 
of:the exhaust gas. .During engine idling, .at;low speeds, during • 
full throttle before maximum speed is achieved, and during deceleration 
the air fuel ratio is low and hence 00 emission is high. At higher 
cruise speeds end during moderate acceleration the air/fuel ratio 
Is high and the C0 emission low. In most city end ur^an driving 
conditions, traffic density is such that engine idling and low 
speed'. travel with repeated acceleration end deceleration are the 
norrai mode of vehicle operation (U.S. Dept of Health Education and 
Welfare 1970., Jones and Katz 192$, Fieldner ct al 1926). Under 
such conditions GO production from engine exhausts is at its greatest. 
The,rate at which the gas is dispersed directly determines its 
accumulation in the atmosphere. (MeOormic end Xintaras 1962)
According to those authors, exposure of people at street level is 
■' critically determined by microseterological factors? that is - 
turbulence of air caused by traffic movement. At wind speeds above 
about 5 m.p.h. macrcxacterological factors becomes more important 
and greatly increase the rat© of dispersion of the emitted gas.
(Georgii and Weber 1962) ■
The highest concentrations of CO at street level would therefore 
be expected in high density, slow moving traffic on a still day.
Lawther, Commins, and Henderson (1962) reported that in such 
situations, peak C0 levels of on^one occasion 255 p*p*m. and on
another 360 p.p.m. were measured in'London# These are rather 
exceptional concentrations, hut levels of up to 50 p.p.m. are 
common in busy streets in London during the daytime# (Waller,
Commino. and Lawther 1965*, Lawther and Commies 1970)* T h is  is 
not en uncommon level'in other cities# . For 'example ■ G o ld s m ith  ' 
(1970) quotes fron the CAMP air monitoring program (1962-1967)* 
that Chicago, Denver, Philadelphia and Washington each exceeded 
an 8-hour average of 30 p.p.m. Hie reported daily average in 
Los Angeles was between 9*0 and 15 p.p.m., although mean levels 
.in excess of 30 p.p.®. were reported 77 times in the five year 
period. The hi^ier levels occurred during severe atmospheric 
inversions, (febbens 1968)•
A further atmospheric source of CO is that found occupationally. 
This occurs particularly in the metallurgical industries, in 
mechanical workshops where internal combustion engines are run 
in- confined spaces and in the ceramic and brick macing industry ■ 
from kiln fumes. (Von Cettingen 1944*, Sayers and Davenport 1936)*
It also occurs in Mines parti ail arly after accidental explosion 
o f.  f ir e d a m p ,  or after blasting operations. (-Sayers and Davenport. 
1936) W o rke rs  whose occupations involve close proximity to 
■motor traffic are also chronically exposed* This group include ■ 
for example loaders on Oar Ferries, traffic tunnel workers (Pieldnor, 
Henderson , Paul and Sayers 1926., M a lts  1932., V/aller, Commies and 
Lawther 1961) Policemen on traffic duty (hilson, Gates, Owen and 
Dawson 1926, Lawther and Commins 1970) end border crossing inspectors 
(Cohen, Ponon and Goldsmith and P e rm u tt 1971*) A further group of 
w o i& e rs  reported to have occupational exposure to CO arc firemen 
(Bryesse 1900, Gordon’and Rogers 1969*, Lawther and. Commins 1970)«
CO has also boon held to he an important cause of military air 
crashes* Wilks end Clerk-(1959) reported that one third of 
186 victims of fatal air crashes in the U.S. Air Force had blood 
concentrations in "excess'-of 30^ c&rboxyhaemoglobin, which they 
held had resulted from engine exhaust .leakage*
flhe intensity of the exposure In the various occupations is 
variable. Sails (1928) found an average concentration in public 
garages and repair shops of 98 p.p.m., but in closed automobile 
repair workrooms he recorded concentrations up to 380 p.p.m. 
Bloomfield and Isbell (1928) found an average of 210 p.p.m. from 
102 tests i n  2? different garages. 18 per cent of their 
observations were above 480 p.p.m. B aw ther" and  Cummins (1970) 
found that .22 smoking garage workers had a mean/COHb concentration 
of 5*0g (range 2*3 - 8*6) whilst 21 non-smokers had a mean of 2*45&-. 
( ra n g e .0 *7  - 5*9$). Sue same authors found levels of 3 *6 $  on 
avera^ f or 29 smoking policemen on point duty (range 1*3 -'6*6$) 
and .1*9$ (range 0*6 - 3*8$) for 11 non-smoking policemen. In the 
same study a group of 38 firemen who smoked had  a ^ a e a n - le v e l of 
;5*1$ (range 0*6 - 15*1$) whilst 32 of t h e i r  n o n -s m o k in g . c o lle a g u e ©  
had a mean level of 3*2$ (rang® 0*4 - 8*8). I n  contrast to this 
latter observation Gordon and R o g e rs  (19&9) have reported consider­
ably higher concentrations in firemen at the Denver Fire Station 
after exposure to moderate le n g th  - fires. ’ilioy found that their 
35 subjects had a mean COHb of 10/' with a tenth of the values 
above 255= • (ihe hi^aest recorded was 44$) •
Bryesse (1900) studied 45 firemen exposed between them to 
five fires and showed that 35 of them had 9$\.G0Hb or above, 15 
were at 10'}' or above and 2 were above 20}'. Keither Gordon, and
Rogers nor Bzyesce distinguished between smokers and non-smokers.
Goldsmith (1970) has studied the occupational exposure of 
Border Crossing Officials inspecting cars at San Ysidro near San 
Diego, and Cohen and M s  Co-workers (1971) have made a similar 
study of Officials at the United States Mexico Border Station.
In Goldsmiths study, the ..non-smoking Officials had blood levels 
of up .to.-9$. and in .several, cases had levels of .5$*' -3to Cohen48' 
study the hourly ambient CO levels ranged from 5 to 170 p.p.m. 
during the3 -shift clay resulting in levels of up to 4$ in non- - 
smokers end'7*6$. in smokers.-
fihe occupational exposure to CO in the United States was 
limited to 30 p.p.m.' for an eight hour. exposure, (Bimsan 1968)
Shis exposure would result- in .4*8$ COHb' in excess- of the normal 
endogenously produced level. (Goldsmith and Xandaw 1968). However 
in 1971 the Federal Register of the United States published Rational 
Primary air quality standards which state an 8 hour limit of 9 p.p.m. 
or a 1 hour limit of 35 p»p«m. (Knelson 1972) little is known of 
the incidence or severity of chronic CO exposure in the home.
Ihere are several potential sources of carbon monoxide in the home 
such as faulty heating appliances (fed from coal, coke, oil or gas), 
defective or obstructed chimney or flue or leakage of coal gas 
(Rose and Rose 1971). Coal gas contains between 2*5$.and 30/ by 
volume of CD depending on its mode of manufacture. (Morton 1970) 
Carburetted water gas contains about 30®5$* 'Praditional coal based 
gas contains about 14*6$ whilst the reformed gases derived from 
petroleum naptha contain much less, being of the order of 2*5 - 3*0$. 
According to Morton no gas containing more then 10$ CO is now 
distributed in Great Britain. natural Gas contains no carbon monoxide
although it is still a potential source of the gas when burnt in 
faulty appliances (Rose and Rose 1971•« Morion 1970).
Morton baa shown that in 1963, 1,317 deaths in Great Britain 
were due to accidental gas poisoning. Ihe vast majority of these 
(1,193) were due to poisoning by unbumt gas, IMs number of 
deaths fell steadily from 19&3 onwards to 748 in 1 $&1 (of which 
536 were due to unburst gas). Hiis decline followed the gradual 
introduction from i960 onwards of gas produced from petroleum 
naptha. With the introduction of gases containing less CO and 
more recently with the introduction of natural gas containing no 
CO, the proportion of deaths due to carbon monoxide arising from 
faulty appliances is seen to be rising. Morton’s figures show that 
in 1963 only 9*4$ of gas deaths were due to burnt gas fumes whilst in 
1967 it was 28*4$. Ho published figures are yet available to 
indicate whether this trend is continuing with the introduction of 
natural gas although it must certainly be the case since no deaths 
can occur from carbon monoxide poisoning from unbumt natural gas.
Tne Health Education Council in a pilot study in Bristol have shown 
that accidents from carbon monoxide poisoning arising from incomplete 
combustion of natural gas in faulty appliances (especially in 
bathrooms which tend to be poorly ventilated) are’not uncommon * 
although precise figures are not available. (Simpson end Calnan 1973) 
As long ago as 1926 Heyhurst indicated that there was a danger from 
CO arising from the faulty burning of gas. Ke • showed that in Ohio 
between 1922 and 192$ there were 107 deaths from carbon monoxide 
poisoning due to faulty gas-fired room heaters. He also reported 
a further 43 deaths from gas-fired cooking stoves, water heaters 
hot plates and coal stoves. Intoxication with carbon monoxide from 
town gas is also a common method of suicide. Bonalies (1928) found
that of 2,949 suicides which occurred In Berlin between 1923 end 1927 
about (1,943) were due to inhalation of GO containing gas. 
Richards (1930) showed that the number of suicides from carbon 
monoxide rose from 2,765 to 4*B72 in Ragland between 1918 and 1928, 
although presumably with the introduction of natural gas modern 
attempts at suicide by this method will be frustrated* Domestic 
poisoning by carbon monoxide, as reported, appears therefore, to be 
a problem of acute exposure rather than chronic exposure, although 
whether a chronic source exists in some homes is uncertain.
Koelsch (1933) found concentrations of about 10Q p.p.m. in 
large kitchens where gas ranges were being used and %dall (1923) 
found that in a laboratory where 16 Bunsen burners were operated 
the atmosphere after 2 hours contained 1,000 p.p.m. It seems 
likely therefor© that where heating or cooking appliances are being 
used in a confined space chronic low levels of CO could exist. 
Goldsmith (1970) also asserts that our present state of knowledge 
indicates that household exposure is usually one of acute and 
intermittent exposure to the gas. It is interesting also to note 
here that carbon monoxide exposure is not confined domestically to 
Industrialised countries. .. . ISe&ry -and Blackburn (1968) have shown it 
to be present in native huts in the hi^ilands of Kew Guinea.
As well as the contribution of various sources of 00 and the 
intensity of the exposure it is also Important to consider the 
number of people affected end also the time course of the exposure. 
Goldsmith (1970) has estimated that 750*000 people are affected by 
occupational exposure in Hie United States. He also estimates that 
a further 100,000 may be exposed to low grade exposure in the home. 
Goldsmith’s estimate for those exposed to community air pollution
in the United States is 30,000,000* Hie United States Department 
of Health Education and Welfare (1971) estimates that about 45$ of 
males and 40$ of females are smoking cigarettes in the United States,
The numbers decline with increasing age* Hie Royal College of 
Physicians report much higher figures for male smokers in this 
country (68$ in 1968) and lower figures for women (22$ in 1968),
The time course of exposure varies with different sources. In 
cigarette smokers exposure follows a dulrnal pattern and within this 
pattern exposure is intermittent - the periods between exposure depending 
on smoking rate (Goldsmith I970)* ®ie duration of this exposure 
pattern lasts for as long as the smoking habit persists and Can be 
as long as 50 years or more. Occupational exposure is confined to 
the working day and so is of a period of eight hours a day or less for 
five days per week. Its duration is variable but for some workers 
may be several decades.(Goldsmith 197$) Household exposure shows an 
even more markedly variable time course and according to Goldsmith 
the usual pattern is occassional four to eight hour exposures which 
may be repeated only infrequently.
Urban dwellers are exposed to a more truly diurnal pattern of 
exposure usually reaching a peak between 0900 hours and 1800 hours 
and falling to almost zero in the intervening hours (lawther and 
Commins 1970). These authors found this typical pattern repeated 
on Mondays to Fridays but on Saturdays and Sundays the early morning 
rise in concentration wad diminished, there being only a slow rise 
to a peak at about 1800 hours. The peak at weekends was between a 
half and a quarter of the weekday level. Jaffe (1970) too confirms 
this usual diurnal and weekly pattern and points out that there is 
also a seasonal pattern in that the evening ’rush hour* peak is found
only in the winter months* Johnson, Dworetsky end Heller (19&8) 
were able to correlate the diumal pattem with traffic density 
in mid-town Manhattan. The variations imposed on this pattern 
are therefore due to weekly changes in traffic density and seasonal 
variation in metereological conditions. (Jaffe 1970)
Data on the sources of CO and the quantities emitted by the 
various sources do not allow an immediate understanding of the 
contribution of each to the amounts absorbed by man. Since the 
uptake of GO depends on the concentration of the gas in the inspired 
air and on the time of exposure (Forbes Sargent and Houghton 1945) 
these two factors are of more immediate importance than total 
quantities emitted into the environment. Because exposure is so 
very often intermittent and because during exposure, inspired levels 
of the gas are likely to fluctuate, it is usually the practice to 
evaluate the degree of exposure by determining the blood concentrations 
of COHb (iFor eg. Lindgren 1961* Goldsmith, Terssaghi and Hackney 1963)*
A comparison of the COHb concentrations in a population with the total 
amount of emitted carbon monoxide from various major sources would 
serve to illustrate the importance oflaach source to the amounts 
absorbed by man.
Using the data quoted for Hie United Kingdom the relative 
contribution to producing a given rise In COHb of Urban atmosphere, 
cigarette smoke and endogenous production has been calculated. Hie 
results of the calculation are given in table 1.5* Although such 
calculations are inevitably open to a large degree of error they do 
Serve to Illustrate the very large difference that each source makes 
in its contribution to COHb concentrations from a given amount of 
produced CO. For example although there is 70,000 times more carbon 
monoxide produced from technological sources than from endogenous
sources, the endogenous source is 35,000 times more effective in 
producing a given rise in carboxyhaemoglobin. Comparing the 
urban atmosphere with cigarette smoke, it is apparent that although 
CO production from technological sources exceeds that from cigarette* 
smoke by some 13,5GO‘ititnea, cigarette coking is none the less 
6,800 times more effective in producing a given rise in carooxyhaeiao- 
globin* This illustrates the principle that the closer the source 
of production of carbon monoxide is to the haemoglobin molecule the 
, more effective It is in: producing csxbexybaemoglobin. ■ ■
■A second approach in establishing the most important source 
of CO is to consider the relative numbers of people affected by each 
source, the intensity of exposure (determined by COHb concentrations) 
and the time course of the exposure. Hie source most likely to be 
of epidemiological importance would be that to which most people were 
exposed, and which produced hi$i levels of COHb for prolonged periods 
of time. Table 1.4 shows data relevant to such a calculation.
Cigarette smoking is again the major source of the -gas, having -an 
even greater cumulative effect than endogenous production. Figures 1*1 
shows diegrsmatically the relative contribution of each of the sources 
including endogenous production! figure 1.2 illustrates the contribution 
of each of the man-made sources excluding the natural endogenous 
production.
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Figure 1.1 Relative contribution of major sources of 
chronic exposure to carbon monoxide.
Household
Figure 1.2 Relative contribution of major exogenous 
sources of carbon monoxide.
iv .  Fate o f Carbon Monoxide
The total world emission of carbon monoxide has been estimated 
to be at least 250 million tonnes per year, including that produced 
from technological and biological sources (Jaffe 1970b). According 
to Haagen-Smit and Wayne (1968) and Jaffe (l970b) this quantity of 
CO would be sufficient to raise the atmospheric background by 
0*04 p.p.m. per year, and that without any environmental removal 
processes the present concentration in the atmosphere at ground 
level would be about 1 p.p.m. Estimates for non-urban atmospheric 
levels of CO show values varying between 0*01 and 0*30 p.p.m. Junge
(1963) puts the background level between 0*01 and 0*20 p.p.m. whilst
Robbins, Borg and Robinson (1968) report values of between 0*03 and 
0*30 in marine air. Robbins and his colleagues have also concluded 
that atmospheric levels do not appear to be increasing at the present 
time. It is interesting to speculate also that in the absence of 
an effective environmental removal today’s atmosphere would have a very 
high concentration of carbon monoxide from endogenous sources alone ; . 
Dinman (1968) has put the evolution of the tetrapyrrole ring at about 
the middle of the Paleozoic (probably at the beginning of the Devonian
period 410 million years ago) and it seems likely that catabolism of
time. The 
and at the
this molecule has produced CO for at least this period of
vast output of CO into the atmosphere both during history
present time is incompatible with the very low and apparently stable 
background levels, unless there exists an efficient removal mechanism 
for the gas.
Carbon monoxide is knovm to be chemically oxidised in the lower 
atmosphere and two such oxidation reactions occur.
CO + o2 — & COg + 0
and CO -f HgO — »  COg + Hg
Both of these reactions have appreciable energy barriers 
(51 end 56 K.cal per mole respectively) (Grave and Long 1954?
Fischer and McCarthy 1966)
In the laboratory Ozone will oxidise CO to CO^  (Harteck and 
]?oncles 1957) but the energy barrier again is very high (20 K.oal 
per mole, Jaffe 1970b). A further possibility is that of oxidation 
by nitrogen dioxide# * Brown and Crist (1941) showed that the reactions-
ko2 + co coa ;+ bo . :
was possible but that its activation energy of 28 K.cal again ruled 
this out as a significant means of atmospheric removal of CO.
It is conceivable that CO emitted at the globe’s surface Is 
eventually taken into the upper atmosphere where ultraviolet radiation 
provides sufficient energy for oxidation. (Harteck and Reeves 2967)
These authors have shown in the laboratory that CO , in the presence 
of 110^  or 0^ when subjected to hlgh-iniensity ultraviolet radiation 
in an evacuated chamber is oxidised to CO^ .
Another possible removal mechanism is that by the large numbers 
of raico-organisms that are known to metabolise CO. Stephenson (1949) 
has shown that two very common soil bacteria have the ability to 
oxidise CO to CO^  and to convert CO to methane by the following reactions.
4 CO : ,+ 4 HgO ■ 4 C02 + 4 H2
COg * 4 CH^  + 2H^
These bacteria are Methanosarcina barkerii and Methanobacterium 
formicum. Other bacteria known to utilise carbon monoxide are 
Carboxydomanao oligooartaphila v;hich oxidises CO to CO, (RaMnovitch 1945) 
and Clostridium Welchii which appears to utilise CO in the production 
of lactic acid. (Wsksman 1929) Both of these organisms are common 
soil bacteria (Waksman 1929)•
A further possible biological removal is that by plants.
Carr (19&L) has reported visible changes when plants are exposed to 
high concentrations of carbon monoxide. Bucet and Bosenberg (19&2) 
report Inhibition of respiration by carbon monoxide and Burris (1966) 
indicates that the gas cars also inhibit nitrogen fixation. Both 
of these authors demonstrated that carbon monoxide is phytotoxic only 
at concentrations well above normal ambient levels. Jaffe (1970b) 
hao suggested that if plants are adversely affected in this way by 
carbon monoxide then it is likely that mechanisms exist within the 
plant for its degradation end. removal.
A potential biochemical removal of CO exists from the binding of 
the gas to the tetrapyrolle ring structure in porphyrin - like compounds. 
(Jaffe 1970b) These compounds which have 0 hi$i affinity for CO 
could be 0 source of significant remove! provided the gas subsequently 
enters into some oxidation process when the porphyrin is degraded. 
However, Tobias et. r!. (1945) showed that in humans at least practically 
all the CO absorbed during an, exposure was subsequently discharged from 
the body. Clark, Stannerd and Fenn (1949) showed that CO could be 
converted to 00^ by animal tissue. This is now known to be true of 
frog, rat and man, but the rate-of oxidation is very smell being in 
the order of 0*002 mls/lOOg tiesue/hour. (Kruhoffer 1954) However 
the capacity for removal appears to be greater than that necessary 
to deal with endogenous production (0*0006 mls/lOOg tissue/hour - 
Cobum, Blakemore and Forster 1963) snd this therefore remains a 
potential removal mechanism. The fact that endogenously produced CO 
is found in expired air is therefore at first sight surprising.
However the partition of 00 between haemoglobin and extravaseular sites 
which would be responsible for 00 oxidation is in favour of haemo­
globin, so that relatively small amounts are available for oxidation 
by the tissues. Coburn (19&7) estimates that only O2>yhour of the
total body store of CO is available for oxidation - the remainder 
is free to dissociate in the lung and appear in expired air.
One final means of atmospheric removal of CO is that by 
oceanic absorblon. The solubility of carbon monoxide in sea water 
is not great, being of the order of 17-52 mis per litre at saturation 
depending on temperature and salinity.(Douglas 1967) Douglas has 
shown that theoretically this should give surface water carbon 
monoxide contents of between 1*8 x 10 and 3*6 x 10 mis CO/litre 
of water at equilibrium with 0*2 p.p.m* Swinnerton and his colleagues 
(I969) have found that the surface water at 29 different points 
between Washington and Puerto Rico had between seven and ninety times 
these theoretical values. This seems to indicate that far from being 
a potential sink for CO the oceans are in fact a considerable source 
of the gas, since the concentration gradient is from the ocean to the 
atmosphere. This is almost certainly derived from the large numbers 
of marine organisms known to pi'oduce CO. (p 23 ) ^
The precise way in which CO is being removed from the atmosphere 
is unknown. The potential mechanisms so far suggested seem incapable 
of dealing with large quantities emitted from technological and natural 
sources. The fact that CO is a natural part of the environment 
would suggest the possibility of a. carbon monoxide cycle. (Robinson 
and Robbins 1970) They have calculated that the average residence 
time for CO, which is the ratio of the CO in the atmosphere to the 
total annual emission, is between 2 and 3 years. To maintain an 
environmental circulation time of 2-3 years would require an effective 
scavenging mechanism. However such a mechanism has yet to be discovered 
and until such times the existence of a carbon monoxide cycle remains 
speculative.
v . The Development o f the P athophysio logy o f Carbon Monoxide
Early interest in carbon monoxide was confined almost exclusively 
to studies on the acute toxic effects of the gas (Bernard 1857*> 
Hoppe-Seyler 1857* I858., Dreser 1892.,> Haldane 1895)* Biochemical 
aspects of CO toxicology were investigated initially using micro­
organisms. (Frankland 1886., Warburg 1926) .However even these 
studies were concerned with high concentrations of the gas.
The fact that blood turned a cherry pink colour after exposure 
to combustion fumes has been known since the middle of the 16th 
centufy (p 11) / It seems likely that modem interest in carbon 
monoxide has its origins in the early to middle nineteenth century.
Marye (1837) reported that in CO poisoning the venous blood did 
not have its usual dark red e&lour. Claude Bernard (1857) a M  
Hoppe-Seyler (1858) found that this colour change was due to the 
formation of a new pigment resulting from the combination of carbon 
monoxide with haemoglobin. During the next forty years this observation 
was extended to investigations of the mechanisms of the reaction 
between CO and haemoglobin and its effects on oxygen carriage.
(Bock 1895* , Haldane and Lorcain Snith 1897-98., de Saint Martin 1900)
At about this time a great deal of interest was being shown in the 
more generalised reactions of the body to CO but again these were 
more concerned with acute CO poisoning than with chronic low level 
exposure. For example J.S, Haldane (1895) in a series of experiments 
on himself noted that hyperventilation began at a blood concentration 
of about 3 5 COHb. Later observations could not confirm that 
increases in respiration were partof the clinical picture of CO 
poisoning. (Hayhurst 1926., Sayers, Yant, Levy and Fulton I929)
Later experimental work with animals indicated that high concentration
of inspired CO caused increases in respiratory rate and volumes 
which was followed by respiratory depression if the exposure was 
continued. (Haggard and Henderson 1921, Gha#>ce and Jackson 1925 
Klimmer 1943) Comroe and Schmidt (1938) showed that perfusion 
of the carotid body .with CO saturated blood increased respiration 
to the same extent as blood made.- anoxic with nitrogen.' However 
if the CO saturated blood was exposed to oxygen the hyperpnoea 
ceased , even though the blood remained saturated with carbon monoxide. 
This indicated that the carotid receptors were sensitive to PO^ 
rather than oxygen content. Chiodi, Dill Consol as io and Horvath 
(1941) could find no evidence of hyperventilation in human subjects 
or. anaesthetised dogs even when blood levels of 52$ carboxyhaemoglobin 
were reached. These authors el if-o presented evidence that the 
respiratory centre is depressed at high concentrations of COHb.
An early interest was taken in the effects of CO on blood pH 
and acid base equilibrium* Arski (1894) reported a lowering of 
blood alkali reserve after CO poisoning. This finding has been 
repeated by other workers (Haggard and Henderson 1921., Tscherkess 
' and Melnikowa 1928, Boedieker 1952). This loss of COp binding power 
was found to parallel a, reduction in the blood pH (Tscherkess and 
Melnikowa 1928, Kamel 1931* Yant, Chomyak Schrenk Patty and Sayers 
1934) Whether or not these acid-base changes were respiratory or 
metabolic in origin was uncertain. Haggard and Henderson (1921) 
showed that if the vagi were sectioned thus preventing hyperventilation 
then the fall in C02 content did not occur. However Mikami (1926) 
with rabbits and Kamel (1931) with dogs and rabbits and Tersioglu and 
EMroglu (1957) with rabbits could not confirm this. Several authors 
have reported increases in lactic acid levels in the blood which could
account for the acid base changes. " Araki (1891) and Saiki and 
'(190I-O2) .-,fqtmd .aignifleant-inareases; in !actic acid in 
' .rabbits ■acutely, poisoned with CC.
.She ■evidence, of m  increase in lactic acid in the blood is 
also evidence of an-effect on oxygen metabolism.(Araki 1891) .
\ Iraki suggested that the lactic acid resulted from incomplete 
carbohydmio oxidation in the imisoles. The suggestion that carbon 
monoxide depressed oxidative metabolism was first made by Pesplats 
(1886). Ho found that in acute 80 noisoning the consumption of 
oxygen as well as the excretion of C0g was markedly decreased.
Walter^ (1927) found in canaries and rats that there was a depression 
of oxygen consumption with increasing carboxyhaeraQglobin* Contrary 
to this evidence Henderson and Haggard (1920) found an increase in 
oxygen conmmption in acute carbon monoxide poisoning with dogs, which 
only decreased shortly before death. Campbell (1929) found that 
changes ■ in oxygen metabolism ■ were reflected by a measureable fall . 
in tissue oxygen tension in rabbits chronically exposed to the gaa.
Effects on metabolism wore noted from an early time by changes 
in blo^d and urine glucose levels., Bernard (1857) Von Friedberg (1866) 
and Straub (1897) reported glucosuria as a result of carbon monoxide 
poisoning. Moeochlin (1939) reported an increase in blood glucose 
levels in 57$ of his 34 P^tiohts suffering from acute carbon monoxide 
poisoning. The mechanism of this glucaemia and glucosuria is not 
clear but several factors have been shown to be involved. ; liikarai 
(1926) found that carbon monoxide induced glucosuria and glucaemia 
depended on an adequate glycogen store in the liver. Starkenatein 
(1912) concluded that CO induced glucosuria is due primarily to 
sympathetic stimulation resulting in an increase in adrenaline release.
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Tscherkess (1928) and Hicoletti (1929) also noted increases in 
adrenaline levels following carbon monoxide poisoning in dogs, cats 
and rabbits* Starkenstein (1912) and Kikarai (1926) both found 
that bilateral splanchnectomy considerably reduced the glucosuria 
indicating that the sympathetic stimulation is largely central in 
origin* Kellaway (1919-1920) confirmed this for moderate hypoxaemia 
but found that with severe oxygen lack glucosuria end glucosaeraia 
were produced despite eplonchnectomy indicating that some of the 
effect was due directly to stimulation of the adrenal medulla.
Another feature of carbon monoxide poisoning reported by many 
workers is that of polycythaemia. Jakseh (1887) is reported to 
have first observed an increase in the number of red cells in 
humans after prolonged exposure to CO* fIMs observation was 
confirmed by Heinhold (1904)# termer and Crittenden (1929), Litaner 
(1930) and Beck, Roetman and Suter (1942)* A tludden increase in 
circulating erythrocytes after acute exposure in the rat was explained 
by Parcroft and Barcroft (1923-24) as being a result of contraction 
of the spleen, although this effect has only been seen in experimental 
animals. Be Boer and Carroll observed splenic contraction with 
as little as 8,v COHb in the cat. Besides the experimental animal 
situation in which contraction of the spleen may cause an increase 
in circulating red cell numbers^ it is considered that acute exposure 
to carbon monoxide in humans has no polycythaemic effect. (Brieger 1P44) 
Humperdinck (1938) and Osgood and Beeman (1940) point out that where 
an acute effect has been reported in reality the changes in haemoglobin 
and red cell numbers remain within the normal range. Kasraith and 
Graham (1906-07) showed a true polycythaemia as a result of chronic 
exposure in guinea pigs and this finding has been Confirmed in the
rabbit (Campbell 1929,) the dog (Suepfle, Hofmann and May 1933,) 
the rat (Williams and Smith 1935) and the mouse (Killick 1937)•
However similar findings have never been conclusively seen in man 
(Killick 1936.,Sievers, Edwards and Murray 1942), although Sayers 
and his colleague^1929) detected a. trend towards polycythaemia 
in men experimentally exposed daily to engine exhausts.
Ihe increase in red cell numbers on prolonged exposure to CO 
has been taken to be part of a mechanism of acclimatisation or 
increased tolerance to the gas. (Killick 1937) Ihis ,phe nomenon 
was first described by Paure (I856). Haldane and Xorrain Smith 
(I896) noted that initially when breathing 0*05$ carbon monoxide 
they obtained symptoms of intoxication whereas after repeated exposures 
they required 0• 2$ to produce the same effects. Glaister and Logan 
(1914), Oliver (1916) and the Official History of the War also ^corded 
and confirmed that men could achieve a degree of acquired tolerance 
to the gas. Killick (1936) demonstrated on one subject that with 
repeated exposure to 230 p.p.m. of carbon monoxide in air the blood 
saturation of carboxyhaemoglobin fell from an initial 32$ at 
equilibrium to about 18$ after 1$ weeks. Many authors have been 
able to demonstrate acclimatisation in laboratory animals although 
few agree as to the definition of acclimatisation. rfhe first 
systematic work was undertaken by Nasmith and Graham (1906) who 
regarded acclimatisation as a compensatory polycythaemia; Campbell 
(1933, I934), found that although his animals (mice and rabbits) 
developed polycythaemia they were not acclimatised according to his 
strict definition of the term; Hhis was that in acclimatisation 
there should be maintenance of growth, or unaltered body weight, 
unaltered appetite, general well-being and unimpaired fertility.
Campbell found that although by prolonged exposure mice could 
survive in 3000 p.p.m. carbon monoxide they were no longer fertile. 
Suhrie and Miller (1944) confirmed that there was impaired fertility 
in rats exposed intermittently to 400 p.p.m. The very fact that 
prolonged or repeated exposure could lead to survival in concentrations 
of the gas which were lethal to unexposed controls was sometimes 
taken asj evidence of acclimatisation (Killick 1937).
A similar criteria, applied to the reduction in subjective 
symptoms' after prolonged exposure, had long been taken as evidence 
of acclimatisation (Haldane and Lorrain Smith I896, Gorbatow and 
Noro ,1948). The similarity between the polycythaemic response 
to hypoxic hypoxia (eg altitude) and carbon monoxide exposure was 
first pbinted out by Hasmith and Graham (1906). Clark, Otis and 
Leung (1949) showed that mice acclimatised -.to. high altitude were 
also acclimatised to 00. Conversely mice acclimatised to CO were 
betterjable to tolerate high altitude, as evidenced by increased 
survival time. The use of survival time (rather than, absolute 
survival) is in reality a measure of the rate of uptake of the gas. 
Killick (1936) showed that as well as a lowered equilibrium level 
of COIIb after acclimatisation there was also a lowered rate of 
uptake- so that the equilibrium level was reached in a longer time.
This change in the rate of uptake has also been held to be evidence 
of anlacclimatisation (Clark, Otis, Leung 1949, Wilks Tomashefski and 
Clark|1959).
"As well as this growth in the understanding of the physiological
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mechanisms of CO poisoning there evolved simultaneously an interest 
in the pathological consequences of CO exposure. The two main 
areas of pathological interest were the cardiovascular and central 
nervous systems.
'Ackerman - (1858) noted that in GO poisoning there was cerebral 
vasodilation and an increase in cerebral blood volume. lick (I899) 
confirmed that carbon monoxide increases cerebral blood flow and 
later Claude and Lhermitte (1912) and Yant, (homyak, Schrenk et al« 
(1954) reported vasodilation in the central nervous system. Klebs 
(1865) had earlier concluded that this vasodilation resulted from 
atonia of the vascular musculature. Hiller (1924) confirmed this 
and showed also that tissue damage probably resulted from anoxia 
caused by stasis in the atonic vessels. Hoffman (1877) perfused 
isolated kidneys with blood' containing carboxyhaemoglobin and found 
that it caused vasodilation in the renal vessels. He cites Mosso 
as having first demonstrated this in 1874# Cramer (1891) and 
Schwerin (I891) showed that the vascular changes could lead to 
perivascular haemorrhages and Claude and Lhermitte (1912) confirmed 
that this was a common finding in CO poisoning.
Klebs (I865) showed that as a response to the generalised 
vasodilation the forced of contraction of the heart was reduced.
Chance and Jackson (1925) confirmed that in severe acute GO poisoning 
In th< dog the heart generally stopped in ventricular fibrillation. 
Weickoel (1938) found cardiac irregularities more frequently after 
prolonged sub-acute exposure than after severe acute poisoning,
Litsner (1936)., Symanski(1938) and Otto (1940) supported this 
‘view.’
Castell (1854) and later Strecker (1900) and Kochmann (1920) 
showed that the isolated heart was. unaffected when perfused with a 
solution containing CO, They concluded that any action of carbon 
monoxide on the heart must be indirect. Benedicenti and Treves (1990) 
demonstrated that this was not true in the in-vivo situation and showed
that high concentrations of CO directly affected the heart muscle 
due to hypoxaemia. In the intact animal CO may.have an effect not 
only on the myocardixia hut also on the Innervation to the heart 
and on the blood supply to the heart rnusele. (Gey 1924) Haotelli 
(1940) reported that the coronary arteries were damaged as a result 
of CO and that, this''damage was, mainly to the endothelial, lining. :
Cardiac output appears to be little changed up to 30$ COHb 
although an equivalent hypoxaeaia produced by oxygen lack will 
increase it. (Asmusaen--end Chiodi 1941) Chlodi, Bill Consolazio 
and Horvath (1941) showed that the cardiac output only began to 
increase when between 30 and 50$ of the available haemoglobin was 
COHb. They believed that compensatory increases in cardiac output 
were brought about by carotid chemoreceptor activity but that they 
responded not to changes in oxygen saturation but to changes in 
oxygen tension. In breathing small concentrations of carbon 
monoxide the arterial H)g is virtually unaltered. This confirmed 
the earlier findings of Comroe and Schidmt (1938).
The reaction of carbon monoxide -.with haemoglobin is of 
fundamental importance in a consideration of the physiological 
and pathological effects of the gas.
v . Although little attention bar been paid to the combination of 
GO with myoglobin, it would appear that it is of lesser importance 
since 00 binds so strongly to haemoglobin that relatively little 
dissociates to reform as carboxymyoglobin. Cobum (19.67) estimated 
that about 20$ of the total body CO store existed as carboxymyoglobin 
a further 5/ iu combination with enzymes and other tetrapyrrole 
structures and the remaining 75$ &s COHb. Luomannaki and Cobum 
(1969) using and labelled CO found that about 77$ of total 
body CO store was held as COHb. Bougies, Haldane end Haldane (1912)
first derived "laws” which described the equilibrium between 
haemoglobin, oxygen end carbon monoxide. Their first ul m ” 
stated that
"Vihen a solution containing haemoglobin is saturated with 
a gas mixture containing oxygen end carbon monoxide the relative . 
proportions of the haemoglobin which enter into combination with 
the two gases are proportional to the relative partial pressures 
of the two gases, allowing for the fact that the affinity of CO 
for haemoglobin is about 300 times greater than that of oxygen?
The following expression describes this relationship.
COHb ' /' . M.oCO
OgHb ■ P0g where pfO mid POg are the partial
pressures of the gases and M ' ie the relative affinity constant,
  Douglas, Haldane and Keldane found U to range-from 220 to 290
although subsequent authors differed jsli ghily. Killick 1936, 1948
found the value of M to range from 233 to 272 and Sendroy, Liu end 
Van Slyke {1929, 1930) found M to average 210 - 2*5$» Houghton 
and Darling (1944) showed that Douglas end Haldanes* first "law” 
holds true in-vitro end in the presence of reduced haemoglobin. 
Lilienthal, Riley, Proemmel et. al. (1946) confirmed the law in-vivo 
in man again in the presence of' reduced haemoglobin. ■
The second Bouglas-Keldane ”Laww is concerned with the total 
saturation of haemoglobin in the presence of quantities of oxygen and 
GO which are insufficient to completely saturate the haemoglobin. 
Their statement of the law is complicated but essentially it shows 
that if blood is exposed to oxygen at a partial pressure POg and to 
CO at a partial pressure pGO then the total haemoglobin saturation ie 
the same as it would be in the absence of CO, but if the PO^ equalled
P0^  + MPCO. In other words oxygen and carbon monoxide equilibrate 
with haemoglobin as though they were the same gas, allowing for 
their different affinities (M). Roughton and Darling (1944) again 
confirmed the second law in vitro and Lilienthal and his colleages 
(1946) confirmed the law in vivo*
The third ’’law” is concerned with the dissocation of oxyhaemoglobln 
in the presence of CO. Essentially this states that ”Oxygen is 
given off from oxyhaemoglobin ,... in a totally abnomal manner 
when the blood is highly saturated with carbon monoxide. The 
dissociation of the oxygen is altered in such a way that the oxygen 
comes off less readily or at a lower pressure than in normal blood.”
This left-shift in the oxyhaemoglobin dissocation curve in the 
presence of COHb is often called the ’’Haldane effect” although 
Haldane and Smith (1897) first noted it and it is sometimes referred 
to as the ’’Haldane Smith effect.” Stadie and Martin (1925) and 
Roughton and Darling (1944) confirmed this effect in vitro and 
Lilienthal and his colleages (1946) confirmed it in vivo.
The studies reported so far, although introducing an insight 
into the various effects of CO, have been almost exclusively concerned 
with carbon monoxide poisoning. Or acute exposure to high levels 
of the gas. The fact that chronic exposure to lower levels 
could give rise to specific symptoms has been appreciated since 
the beginning of the century. Engels (1905)•» Courmont (1910) . f 
Rogues de Fursac (1914) and Hubner (1916) reported various subjective 
symptoms of ’’moderate” or ’’chronic” CO poisoning. Lewin (1920) 
summarises these symptoms in what he calls the syndrome of chronic 
carbon monoxide poisoning. This consists of tinnitus, headache, 
dizziness or visual symptoms, fatigue, insomnia, irritability and 
and impairment of memory. Very few of these early reports reveal
what concentrations of 00 the victims had been exposed to or 
what concentrations of OOHb were necessary to give rise to the 
■ described symptoms. ' ’ ' In those reports where such data' is given 
(Ccursaont 1910 and Bymanski 1956) exposure concentrations were 
between 100 and 2*500 p.p.n. It can be calculated that even 
the lowest of these would result in a COHb concentration of 14/> 
at equilibrium and the hipest would be lethal within an hour.
(Forbes, Sargent and Houghton 1945)
It is apparent that these early workers weaxj considering the 
sub-acute toxic effects of exposure to relatively high concentrations 
of the 'gas' and the use of the word “chronic” in such cases is 
probably misleading. As pointed out by Ellinger (1931) chronic 
poisoning umally means the repeated or continued administration of 
small quantities', of a poison isesulting finely in toxic symptoms.
The important consideration in this Is that a single dose or the 
dose level If continousiy exposed must be too small to cause 
significant detectable effects in itself. This moans of course 
that any effects produced by a single dose must be additive in 
order to present itself eventually as a toxic symptom.
The idea that carbon monoxide could act as a truly chronic 
poison in this way was discounted, Hamsey end Eilmann (l93i-52) 
Stovers, Edwards, Murray et. al, (1942) and Schroeder (1940) for 
example could find no evidence that CO remained in the body for any 
length of time after exposure had ceased, nor did they consider that 
CO concentrations too low; to cause acute subjective or objective 
symptoms would lead to any permanent damage. Sievers and his 
colleagues studied 156 traffic officers in the Holland ’Tunnel in 
Hew York who had a daily exposure of 65 - 85 P«P*«* of CO on average 
for periods of up to 15 years, They found no evidence of any effects
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on their health. Schroeder, similarly found no evidence of 
cardiac disease in 30 people exposed occupationally to daily 
concentrations of 100-200 p.p*m* of CO for periods of over a year.
It was therefore thought that levels below 100 p.p.m, (equivalent 
.to-'14^ COHb -at equilibrium) had no physiological effects and could 
not therefore lead to any permanent effects.
At about this time however McFarland, Roughton, Halperin 
et.al (1944) clearly demonstrated that blood levels as low as 2$
COHb could impair visual brightness discrimination. However, 
other workers cpuid find no similar impairment of psychOmotor 
or perceptual functioning even at levels up to COHb. (Vollmer,
King, Birren and Fischer (194&)•, Abramson and Heyman (1944)* Dorcus 
and Weigand (1929)$ Forbes, Dill, Desilva and Yan Deventer (1957)• 
Although more recent estimates suggest that a reliable deterioration 
in performance results from a level of 8$ COHb (Lawther 1971) the 
contradicting evidence in the 1940* s could not support any hypothesis 
that such low levels of COHb were physiologically important.
The studies on acclimatisation also suggested that repeated 
exposure to low levels of the gas has a significant physiological 
effect. This realisation that carbon monOxide was nob inert 
physiologically at chronic low levels did not lead to an awareness 
at the time of its potential pathogenicity. Lev/in (1920) however, 
perhaps a little ahead of his time, felt that we must assume a 
"functional accumulation" Of the effects of repeated doses of the 
gas and that a summation of all "the individual little blood 
deteriorations ana the insufficient nutrition of the tissues necessarily 
resulting" might be expected.
Representatives of the Iron and Steel Trades Confederation of 
Great Britain testified before the Workmen*s Compensation (industrial
Diseases) Committee in 1931 that in the opinion of a works doctor 
myocarditis is common among steel workers after this age cf 60 and 
that e -specially with the gas-producer men this was mainly due to a 
hypoxic effect on the heart due to absorbiion of carbon monoxide 
(iron and Coal Trades Review 1933)* However expert opinion sought 
by the committee (including J.R.S. Haldane) testified that they had 
never seen cases of "chronic" carbon monoxide poisoning and that the 
only clinical recognition of 10 poisoning resulted from acute gassing*
*Ihe idea that 00 was pathogenically unimportant was probably 
strengthened by Sjosirandb discovery in 1949 that the gas was 
formed continuously in the body hy the' catabolism of haemoglobin.
This concept of carbon monoxide has remained until the last decade 
when TovJ. As trap and his co-workers in Copenhagen showed that chronic 
exposure to 00 such as might result from cigarette smoking could 
be important in the aetiology of vascular pathology* (Astrup,
Hellung Larsen, Hjeldsen and Hellemgaard, 1966., As t nip, Kjeldsen 
end Wanstrup 1967).
Interest In the physiology and pathology of carbon monoxide 
has existed since long before the beginning of the present century, 
although the described oonsequmoes of exposure usually x'elated to 
acute poisoning. The idea that chronic exposure could be pathologically 
important was dismissed despite accumulating evidence that physiological 
adjustments were made to chronic lew level exposure. Cigarette 
smoking has been known to be ar important chronic source of carbon 
monoxide since the work of Le Bon (1880). It is perhaps significant
that Ifebl (1889) in studying the uptake of carbon monoxide into the 
blood of smokers concluded that the amounts taken up were insufficient
to cause ill-effects* However in the last eight years it lias 
been increasingly suggested that truly chronic exposure to carbon 
monoxide is pathologic&lly impor t ant and that the quantities 
pertaining to cigarette smoking are significant*
Hie studies reported in the following ..sections of this thesis 
are intended to extend our present'.’knowledge' of.; the - magnitudes 
and effects'-of chronic CO toxicity*;
Attention has been directed towards, a study of s.~v-A. '.A*.
1* COHb Concentrations in -smokers,
2. Haeraatological responses to dironic/CO exposure,
3* Ao cliroati sat ion and the mechanisms i^ espcnsible for this,
4* - Effects■ - on oxyhaeiooglobin. dissociation, 0.,.
- % Effects m  blood glucose,'. .
6* CO in relation «,o the effects of coking In pregnancy,
7* GO in thi. eetaoT ogy of atherosclerosis*
Methods common to; each' of -.theindividual sections . are - described 
in section 2, otherwise specific materials and methods are included 
under each section heading* Per each section a specific introduction 
and\ discussion is provided* y; '
MATERIALS AUD METHODS 
The materials and methods common to the individual 
studies will he described here. Those methods peculiar 
to one section will be described in the section concerned.
1. Animals*
The experimental animal of choice has been the rabbit.
This animal was chosen because of its convenient size, relative 
ease by which venous and arterial blood can be collected 
superficially and also because of its sensitivity to experi­
mentally produced atheromas The rabbits were Hew Zealand 
¥/hite/Califomian crosses and were always purchased from the 
same supplier (Goodchild Bros.) • They were usually bought 
at three to four months old and weighed two and half to three 
kilograms* The two sexes have been used largely at random, 
except for the atheroma experiments in w&ich only males were 
used. The standard diet consisted of R.G.P Pellets (Christopher 
Hill Group) and water ad libitum. .
In a few experiments rats were used. These were obtained 
from a random breeding closed colony of Wistar, Albinos (Porton 
Strain) and were obtained at about 6 months of age and 300 grams 
wei#it* These were bred by the animal breeding unit at 
University of Surrey. Rats wsre maintained on a diet of 
Spratts Laboratory Diet Ho.l and water ad libitum.
ii. Chronic Exposure to Carbon Monoxide
Three systems have been used in the course of the experi­
mental work.
The first system was a relatively cheap, hut not very durable 
method of maintaining animals in a controlled atmosphere for 
long periods of time (up to a year). It was designed to 
expose a maximum of eight rabbits (housed two per cage) or 
48 rats* The atmosphere could be varied between zero and
1,000 p.p.m. of carbon monoxide in air.
The animal, cages were enclosed in gas-ti^it plastic
\ ’> ' '
isolators* made specially by Plysu Plastics Ltd. Two such 
isolators were used, gas matures being lead to them in 
parallel from a single air-blower (Figures 2*1 and 2.2). The 
top, back and sides of the isolators were constructed from
0.012 in. frosted polyvinyl chloride (p.v.c.)? the base from
0.020 in* black p.v.c. and the front from 6.012 in. glass clear 
p.v.o. The front formed a flap closed by a gastight zip.
Gas inlet and cutlet nozzles of 12 mm. internal diameter were 
welded to either end of the isolators. Air was supplied from 
a ’Discus* centrifugal blower (Watkins and V/atson Ltd). The 
type used was a 4* 2 cu.ft/min (118 litre/min) type MAC. This 
type of blower produced a high flow at low pressure and the 
resistance offered by the isolators reduced the flow from 118 
to 60 litres/min. The resistance to flow measured at 30 litres/ 
min with an inclining water manometer was 0,23 cms/H^O, whereas 
the resistance offeredby a conventional gas meter (Parkinson 
Cowen Dry gas meter) was found to be 15 cms.H^O at 30 litres/ min 
and was sufficient to reduce the flow by 30/* The pneumotacho­
graph was calibrated against a Parkinson Cowan dry gas meter 
driven by a high pressure air supply at 151bs./sq.in. from a 
compressed air cylinder. With m  inflowing pressure of this
l.-aire 2.1 Diagram of plastic isolator containing two 
animal cages, a* Gas inflow, b. air ti^it 
zip. c. glass-clear plastic flap front
d. gas outflow.
Figure 2 .2 Photograph of plastic isolator in use* 
'Ihe air blower is situated between the 
two isolators (arrowed). Carbon 
I onoxide is fed to the air blower from 
a periatallic pump (just out of the 
photograph to the ri^ vfc).
magnitude the resistance of the gas meter was insufficient 
to reduce the flow* It was found to be important to have 
equal lengths of outlet tubes as any differences in resistance 
between the two isolator assemblies altered the respective 
flow into each as measured by a pneumotachograph. Each 
isolator was of 600 litres capacity when fully inflated and 
carried a fresh gas flow of 30 litres/min. Hie atmosphere 
in each isolator was therefore changed once very 20 minutes 
and this was found to be adequate to maintain oxygen, carbon 
dioxide and humidity levels within acceptable limits# (ie# 
not less than 20$ 0^ , (range 20.50 - 20.93/0 not more than 
0*5^ C0g (range 0.03 to 0*5$ COg) and not more than 60$
Relative Humidity (range 45 ~ 60$)* Fresh air flow was 
measured through the isolators using a pneumotachograph 
with a low resistance ♦Fleisch* head#
A cylinder of pure carbon monoxide* (Air Products Ltd) 
kept for safety outside the laboratory, was fitted with two 
pressure regulating valves in series. (Figure 2.3)# Ihe 
first an M. 30-HG. (B.0#C. Ltd.) was set to reduce this 
further to 10 cm. water gauge which was read on a simple 
TJ-tube water manometer. (Figure 2*4) * Carbon monoxide at 
this pressure was piped from outside the laboratory to a 
Hughes tEyioflot variable peristaltic pump. (Metering Pumps 
Ltd.). Hie measurement of carbon monoxide flow in the system 
presented difficulties. Ihe back pressure from the isolators 
and the pulsatile flow from the peristaltic pump produces gross 
inaccuracies in flow meters of the float type (e.g. Rotameters).
Figure 2.5 Carbon onoxide cylinder with pressure 
reduction valves. 'ISie first-stage 
reduction to 5 P*s*i. is made by the 
valve (a), and the second stage 
reduction to 10 cm. H„0 (b). The low 
pressure carbon monoxide is led to the 
peristaltic pump via the tube (c).
Figure 2.4 Flow diagram of dual*-: sol at or exposure 
system, a. Carbon monoxide cylinder
b. 1st stage reduction valve.
c. 2nd stage reduction valve. 
d<« U-tube water manometer •
e. Peristaltic pump. f. bubble flow 
meter, g, air blower, h. plastic 
isolators.
This difficulty was overcome by using a moving meniscus flow 
meter, made from a 10 ml* graduated pipette* (Figure 2.4 f). 
Detergent bubbles were blown into the gas stream by squeezing 
the rubber bulb* The volume calibration of this system was 
thai of the 10 ml. graduated pipette* The rate of ascent 
of a selected meniscus was timed using a stop watch and from 
this measurement of volume change in a given time, flow rate 
was calculated. Carbon monoxide was thus bled at a pre­
determined rate into the fresh air stream from the air blower*
A long holding tube was placed between the carbon monoxide entry 
point and the isolators to ensure complete mixing of the gases 
before entry into the isolators.
The total pressure in the isolators when fully inflated was 
measured with an inclining water manometer and found to be
2.0 cms. water* (l.^mmEg) • This pressure, above atmospheric, 
is l/585th of an atmosphere and thus makes no significant 
difference to the partial pressures of gases within the isolators. 
For example at 7^0 mm.Hg* the P0^ is1§8*8mm.Hg* and at 761*5 is
159*1 a difference ■ of 0*5 ma%#
Carbon monoxide concentration in the isolators was checked 
daily by withdrawing a small volume of gas into a sampling bag 
and measuring the carbon monoxide concentration with a Hartmann 
and Braun TJRAS-2 infra - red gas analyser*. The gas analyser 
mwasures carbon monoxide with an accuracy of - 5p*P*m.
Calibration was achieved using two gases of known composition, 
and zeroing on pure oxygen (tolerance 0*5 p.p.m. CO.) The 
calibrating gases at 200 and 400 p.p.m. (- 5<f) were obtained 
from Hank Precision Industries Ltd. By setting zero and 
400 p.p.m. with the zero and gain control respectively 200 p.p.m. 
read 200 p.p.m. t 5 p.p.m. demonstrating the linearity of the
response over the calibrated range. The technique of taking 
samples into a bag before analysis was necessary because the 
gas analyser .was housed some distance from the isolators.
Samples were analysed within 20 minutes of collection and 
the gas-sampling bags made from p.v#c./l5elinex triple 
laminate are particularly impermeable to gases, showing no 
detectable change in carbon monoxide concentration at $00 p.p.m. 
after 5 hours storage. (Hawkins 1967)
Carbon monoxide concentration within the isolators 
remained within - 10 p.p.m. of the pre-set value over a. period 
of at least a week without resetting the pump.
Because the tubing in the peristaltic pump became progressive' 
ly flattened and less elastic wiHi wear, there was a slight 
tendency for the rate of flow to fall necessitating occasional 
adjustment. tubing (type H.3603 Y*'A* Howe and Go.Ltd)
was found to be most suitable and needed to be replaced about 
every two months. Waste gas from the isolators was fed out 
of the window to avoid contaminating the laboratory atmosphere.
The Carbon monoxide flow was interrupted for 10 minutes 
before the isolators were opened for dally animal care. Total 
cleaning and feeding time was about 10 minutes. . The pre-set 
carbon monoxide concentration was regained within 20 minutes 
of restarting the gas flow. Thus total interruption to carbon 
monoxide exposure at the desired level amounted to 40 minutes 
per day or 2*8^ of the total exposure time.
This system worked well for two years but after that time 
wear and tear on the plastic isolators had produced holes in 
the walls and the gas-tight sips were becoming faulty. Instead
of replacing them a second more permanent Chamber was built, 
based on the techniques developed for the isolators. This 
was constructed from Dexion *Speedframe* (Dexion Ltd.)and 
glazed with 3 m.m. ‘Perspex* sheet. (Figure 2.5) The perspex
was held in the frame using ’Dexion* glazing strip. The floor 
of the chamber was made of a single sheet of plywood bolted 
to the Speedf rame and covered on the inside with p.v.c, floor 
covering. The edges between the floor and side walls were 
sealed with black ’Bostik* sealing compound. The front of the 
chamber was made from a wooden door sealed with polyurethane 
varnish. The door was hinged to allow access, to the chamber 
and was sealed in the closed position by thick by 1** wide 
neoprene foam rubber sealing strip stuck to the door and to the 
chamber frame. The door was fastened to the frame with four 
window-latch type screw fasteners.
The chamber size was 71 cms. i^de, 122 eras, long and 220 cms. 
high and housed four rabbit cages mounted one above the other 
on a tubular frame. The size of the chamber was such that 
it allowed an operator to be inside the chamber whilst sealed, 
so that blood samples could be taken from.the rabbits without 
removing them from the gas.
Gas preparation was as described previously and the mixed 
gas was pumped in at floor level at the rear of the chamber. 
(Figures 2.5 and 2.6). This was pumped in through a 5*8 cm.
I.D.f? 5 cm. 0. ■-). tubing which offered negligible resistance 
to flow. Similarly the outlet tube mounted at the top of the 
chamber at the front was of large diameter ( ,9'.cms. internal) 
so that no pressure greater than atmospheric existed in the 
chamber. The effluent tube was led into the forced ventilation
Figure 2.5 Rigid frame exposure chamber. The control 
apparatus is shown on the left. Carbon 
monoxide from outside the laboratory is led 
at 5 p.s.i. to the low pressure reduction 
valve (a), by means of small-bore copper 
tube (b). The air inflow (c) is led inside 
the chamber almost to the floor. Air 
outflow is by means of the wide^bore 
flexible tubing (d).

Details of gas mixing apparatus.
(a) Carbon monoxide at 5 p.s.i. from 
outside the laboratory• (b) 2nd stage
reduction valve' reducing■. pressure' to 
10 cms. E2O measured by Water manometer 
(c) Peristaltic pump (d) meters carbon 
monoxide through ’bubble* flow meter 
(e) into the air flow provided by the 
air blower (f) The tube (g) is a 
sampling tube from the gas outlet of 
the chamber for monitoring chamber 
concentrations of carbon monoxide 
(see figure 2.7)
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system of the animal house which ducted the waste gas to the 
outside of the building*
Fresh gas flow through this chamber was 100 litres per 
minute* The chamber volume was approximately 1,900 litres 
which gave a fresh gas turnover of once every 19 minutes*
Carbon monoxide useage was greater than in the isolators 
althou^i not excessive. One 4*500 litre (210 cu*ft* at
1,000 p.s.i.) cylinder lasted approximately 12 weeks, when 
running the chamber at 200 p. p.m. In this chamber the gas 
analyser wasan integral part of the system ana continuous 
monitoring of carbon monoxide concentration within the chamber 
was possible. For this purpose a nylon tube was led from 
the inlet gas stream and another tube from the outlet gas 
stream to the inlet port of a diaphragm pump. (Charles Austin 
ltd). A two-way tap arrangement made it possible to sample 
from either of these two sources. The outlet of the pump 
ras fed thrci^ jh a silica gel water absorber into the UHAS-2 
infra-red gas analyser. (Figure 2.7)* The diaphragm pump 
was checked for leaks by applying a gas known analysis 
to the inlet and checking that the outlet fed into the gas 
analyser read the same concentration* As before the analyser 
was calibrated with standard gases at 200 and 400 p.p.m. (-^ 5^ ) • 
The output from the analyser was fed onto a ’Servoscribe* > 
potentiometric recorder so .that a continuous record of * 
concentration could be kept if necessary.(Sniths Industries Ltd) 
.The chamber was initially checked for leaks in its construction
Figure 2*7 Gas monitoring equipment.
(a) Hartmann and Braun CRAS-2 
infra-red gas analyser. 
go Smiths 1 Seajvoscribe* potentio- 
metric recorder (c.) Charles Austin 
diaphragm pump drawing a continuous 
sample from either the jchamber outlet 
via tube (d.)or from the air inflow 
via tube (ej and passing it throu^i 
a silica gel dryer (f) into the gas 
analyser (si Cylinder of calibrating 
gas.

by filling it with a high concentration of carbon monoxide 
and probing with a tube attached to the pump supplying the 
gas analyser* Mnute leaks were easily detected by deflection 
on the gas analyser. By this means small leaks occurring 
between the joints of the speedframe and between the perspex 
and frame were detected and sealedwith black ’Bostik1 sealing 
compound. ;
With four rabbits housed in the chamber the Oxygen 
concentration measured at the outlet with.a servomex oxygen 
analyser hasnever been • seen to deviate from 20.93$ »i JQQg-. 
concentrations (neasured with the Hartmann and Braun URAS-2 
Infra red gas analyser) of between 0.05 and 0*1 $ ani 
relative Humidities of between 40 and 60$ were measured, in the 
chamber*. A noise level of 50 db. A was measured, inside the 
chamber (Dawe Sound level meter). , This was largely created by 
the sound of the air blower and turbulence of the inflowing air. 
The entire chamber being of perspex allowed, norma! room lighting 
to penetrate.
iii. Acute Exposure to Carbon Honoxide
A second use for an exposure chamber was in the study of 
acute reactions to carbon monoxide, and in uptake and elimin­
ation studies. For this purpose the requirement was a chamber 
in wMch animals could be housed for short periods of time (up 
to one day) and in which access was possible without disturbing 
the gas concentrations within the chamber.^ The atmosphere 
had to have the same range of control that was possible in the 
chronic exposure chamber. For this purpose a perspex neonatal
incubator was modified in the following way* Access was 
provided for two operators by cutting two 4in. diameter holes 
in either side into which were cemented 2 in. lengths of 4 in.
0.3) perspex tubing. Soft plastic sleeves with elastic ends 
were placed over the tubes to form reasonably airtight cuffs 
through which the operators could insert their arms (figure 2.8).
The gas mixture in this case was formed by injecting #ure carbon 
monoxide from a cylinder via a pressure reduction valve (to 5 p.s.i. 
and needle valve directly into the fresh air flow. Fresh air 
was provided from an air compressor the pulsatile nature of 
which was smoothed by incorporating a 10 litre aspirator into 
the air line. Carbon Monoxide was injected before the aspirator 
so that this served the dual purpose of flow smoother and gas 
mixer.
Carbon monoxide flow was measured using a ’Rotameter* flow 
meter. Carbon monoxide concentration was continuously monitored 
throughout the exposure by pumping about 200 ml./min. of a 
sample of the gas mixture throu^i the infra-red gas analyser.
This was calibrated inlthe usual way. (Figure 2.9) The output 
from the analyser was fed onto a potentiomeiric recorder. (Smiths 
* Servoscribe*)
She system described here was simpler than the ones 
described for long term exposure. 3)espite its simplicity 
it was found to provide accurate and stable gas concentrations 
over a period of a day. Over a typical four hour period with 
repeated opening and closing of the access holes the recorded
X
carbon monoxide concentrations stayed within - 10 p.p.m. of 
the desired value.
Operative uses
An additional feature of this apparatus was the facility
Figure 2.8 Diagram of acute exposure chamber (modified 
neonatal incubator) • a. Water bottle 
b. lid. c. gas exit port (normally with 
tube attached to lead outflowing gas 
outside the laboratory, d. soft plastic 
sleeves with elastic ends forming cuffs 
through which operator can manipulate 
inside chamber e. inflowing gas* 
f. carrying handle.
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Flow diegrara of acute exposure oysters . 
a. Carbon monoxide cylinder 
b» let stage pressure reduction valve 
to .5 p*s#i» c« needle-valve d« ’llotaraeter’ 
flow meter e* air pump f# anaesthetic - 
vaporiser (optional) e* sampling system 
such that pis can be sampled from either the 
air inflow (before'the 'anesthetic vaporiser) 
or from the chamber h* e m tSmma samples 
ace'drm  through a s ilic a  pal dryer (not 
shown) into the infra-red gss analyser 
(i.)hy means of a diaphragm pump the 
output from the $as analyser is fed into a 
oervoscribe potentloootrie recorder (I;).
for incorporating an anaesthetic vaporiser into the gas inflow 
line so as to induce and maintain animals on an anaesthetic 
whilst still being exposed to known concentrations of carbon 
monoxide#
Two anaesthetic vaporisers were used successfully in this 
way# The E.M.O. ether vaporiser (Penthrane Instrument Co#) 
was used for c ether anaesthesia# In this case 15% ether 
vapour in air was used to induce enaesthesia and m  Qfo vapour 
concentration was used to maintain surgical anaesthesia. 
Alternatively halethane anaesthesia was used by incorporating a 
*Fluotec* Halothsne Vaporiser (Qyprane ltd)* 4*5/» Halothane 
was used to induce anaesthesia and was then reduced to 1#5$ 
for maintenance#
The infra-red gas analyser is sensitive to both of these 
anaesthetic agents and when an anaesthetic was being employed 
the sample for gas analysis was drawn from a point before the 
vaporiser* Because of the diluting effect of the anaesthetic 
vapour a correction to the observed carbon monoxide concentration 
had to be made# (Hawkins# and McEwan 1970)
iv. Measurement of Carboxyhaemoglobin
The measurement of earboxyhaemoglobin is fundamental 
to the entire project and the method used# its critiscisras 
and evaluation will be described in detail# The method used 
throughout was that described by Commins and Lawther (1965) •
The principle of the method is that a sample of capillary 
blood is diluted in 0*04$ ammonia without access to air# The 
diluted sample is divided into two; one part is used completely
to fill a stoppered spectrophotometer cell and the other is 
bubbled with Oxygen to convert any earboxyhaemoglobin to 
oxyhaemoglobin. Using a dual beam spectrophotometer the 
sample containing earboxyhaemoglobin is placed in the sample 
beam and the oxygenated Sample is placed in the reference bean. 
The difference iii optical density at suitable wavelengths 
between the two samples, is related to the quantify of carboxy- 
haemoglobin in the untreated sample. In order to calculate 
this as a proportion of the total haemoglobin present# a 
measure is also taken of the oxyhaemoglobin at two different 
wavelengths with the oxygenated sample in the sample beam 
read against air in the reference beam.
(a) Method
A blood sample is taken from a good finger prick into a 
heparinised capillary. Unless this is measured immediately 
it is plugged at either end with silicone putty and placed 
in the dark. For analysis a 0.8 cm. length of the capillary 
is cut off and dropped into a 10 ml. specific gravity bottle 
filled the top with 0.04$ ammonia. The ammonia solution 
is made freshly each day and is prepared by adding 0.4 ml# of 
0*880 Sp. Gr. ammonia solution to 1 litre of distilled water 
which has previously been bubbled for at least 15 minutes with 
pure nitrogen. Imm the blood sample has been dropped
into the specific gravity bottle the top is inserted so that 
no air is entrapped and the bottle shaken. The blood in the 
capillary is released and a consequent dilution of blood in 
ammonia of about 1 in 1# 500 results. The exact quantity of 
blood used does not need to be known if the result is to be 
expressed ass a percentage of the total haemoglobin. There
is however an upper limit to the concentration# dictated by 
the spectrophotometer in use. This limiting value has to be 
determined (see under Calibration of Spectrophotometer)
A stoppered 1 cm* spectrophotometer cell is filled to 
capacity with the blood solution and the stopper inserted so 
as not to entrap air* About 1.5 ml* of the remaining solution 
is placed into a second# matched# spectrophotometer cell# and 
oxygen from a cylinder is bubbled through it at the rate of 
75 mis. min for 5 minutes. (This is a modification of the 
published method which recommends bubbling at 40 mis. per min* 
throu^i 5 ml. of solution for 15 mins. The modification 
allows an estimation to be done in a third of the time with no 
resulting loss of accuracy.)
This oxygenated solution is placed in the sample beam 
of the spectrophotometer and the optical density is read 
against air# at 575 and at 559 nM* These wavelengths correspond 
to a maximum and minimum absorbance respectively on the absorbance 
spectrum for oxyhaemoglobin*. The difference in absorbance 
between these two wavelengths is designated ,dl*
The oxygenated solution is then placed in the reference beam* 
and the stoppered cell containing the untreated sample is placed 
in the sample beam. The optical density is then read at 414#
420# and 426 nM. 420 nM. is near the maximum (actually 420.2 nM) 
of a earboxyhaemoglobin curve and 414 and 426 nM. are points 
on the sloping baseline of the curve. The optical height for 
earboxyhaemoglobin (designated *hf) is calculated by subtracting 
the mean of the optical density at 414 and $26 niff, from the 
optical density at 420.
In order to calculate the result# spectrophotometer 
constants have to he established by a suitable calibration 
procedure*
Calibration of the Spectrophotometer.
In order to achieve the optimum sensitivity of calibration 
the value of the difference between 559 and 575 nM.# has 
to be maintained within fairly precise limits, which are 
determined by the spectrophotometer used. The limiting 
factor is in fact the sensitivity of the spectrophotometer 
detector. The machine used in this study was the Beckman 
DB-G grating spectrophotometer with a tungsten lamp as 
source. (In later parts of the study an improved stabilised 
version the DB-GT* was used) (Beckman Instruments Ltd.)
T?o determine *d * (the limiting value for *d*) and ,ho*
(the corresponding limiting value for ’h*) a plot of *h* 
against ,dV has to be prepared for different haemoglobin 
concentrations). This is done by preparing dilutions of 
blood in ammonia solution ranging from near sero to about 1 in 
1*000. Part of a solution is placed in a 1 cm. spectrophoto­
meter cell and pure carbon monoxide is bubbled through it for 
about 30 secs. About 1*5 ml. of the remaining solution Is 
placed in a matched spectrophotometer cell and pure oxygen is 
bubbled through it at 75 ml./min. for 5 mins. The oxygenated 
sample is read at 559 end 575 niff* against air in order to 
calculate id*. The saturated earboxyhaemoglobin sample is 
placed in the sample beam and read against the oxygenated sample 
at 414# 420 and 426 -nM. in order to calculate *h*. The 
earboxyhaemoglobin sample is then bubbled for a further 10 secs, 
with carbon monoxide and re-read. If there is no difference from
the previous reading it is assumed that the sample is 
100/a saturated with earboxyhaemoglobin.
This procedure is repeated for the various haemoglobin
concentrations and a plot of *d* against ’h* is obtained.
(figure 2.10) This relationship is linear until the haemoglobin
concentration *d* is too high to allow sufficient transmission
of light for linear response by the spectrophotometer
detector* This clearly defined point where linearity breaks
down is the limiting value for *d* (dQ) and correspondingly
for «h* (h ).o
The values for hQ and d^ appear to change very slightly 
with time presumably reflecting changes in the response of the 
spectrophotometer detector. It has been the practice to 
re-establish these instrument constants about every six months.
The calibration originally carried out with human blood 
has been repeated with rabbit and rat blood. There was no 
difference in calibration between human blood and either of 
these species.
Calculation of Result
h « 420 - (414 + 426)
2
d « 575 * 559
(Where 420 , 414» 426, 575 and 559 ore the optical
densities at those wavelengths measured as described)
dQ and h are instrument constants 
0 as described.
fa COHb « 100 hc do
h . d o
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Mfmre,_2»10 Hot of optical height h against the 
difference In ahsorhance at 575 
and . 559 nl.!* (d). the limiting value 
of d (do) is where linearity ceases.
A programme card for this calculation was prepared for 
use on the Olivetti Programsa 101 programmable desk computer* 
the optical densities for the give wavelengths are read into 
the machine sequentially end the calculator prints the 
answer as i? earboxyhaemoglobin.
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The Air Pollution Control Administration has 
published a severe critiefsj?u; of the Commins and lawther 
method. (APOA 1970). iheir objections are firstly that 
♦the use of f ingerprick blood is unsuitable because the 
varying amounts of tissue fluid contained in the different 
samples may lead to inaccuracies due to variations in the - 
true volume of blood and interferences with the absorbiicn 
posies.” Secondly they are critical of the method of 
preparing standard solutions of 100^ earboxyhaemoglobin 
and 100^ oxyhaemoglobin by bubbling gases into the solution. 
Because of excess dissolved gases* when solutions containing 
less than 100^ earboxyhaemoglobin are prepared by mixing 
the two '.solutions* the resulting solution is inaccurate.
■ Ihey maintain that the method' a m  detect --a minimum of 2$: . 
earboxyhaemoglobin. Additionally they suggest that the 
presence of unsaturated haemoglobin in the samples could, by 
interference with the absorbance peaks, lead to errors of 
between 10 and 20 per cent earboxyhaemoglobin. Ihey have 
therefore relegated the method for use only in rough clinical 
diagnoses.
On cursory examination those criticisms.do not appear
to b© valid. ®ie objection to the use of fingerpriek blood 
cannot be sustained because the method does not depend upon 
using accurate quantities of blood which are representative 
of the .'subjects haemoglobin'concentration.' "• It is reasonable 
to expect that any dilution .caused-by tissue fluid would dilute 
the earboxyhaemoglobin and the remaining haemoglobin to an 
■. equal 'extent.' As the method, measures earboxyhaemoglobin as * 
a percentage of the total haemoglobin it will give .the. same 
answer, independently of any sample dilution. •
Hie criticism that earboxyhaemoglobin of known concentration 
cannot be prepared by mixing known volumes of fully oxygenated 
mid fully carboxygenated samples if the latter ©re prepared by 
bubbling pure gases, is infact, foreseen in Coranins end bawther’s 
paper. Ihey say that “when. for example equal volumes of oxy and 
earboxyhaemoglobin were Blare 1. there was enough free carbon monoxide 
. to convert all the oxyhaemoglobin, and even when the proportions 
were six volumes of oxyhaemoglobin to one of earboxyhaemoglobin 
a solution containing eOfl carboxsdiaemoglobin resulted.” Iheir 
procedure for standardising the method therefore avoided this 
problem. . "■
the final point, that the , presence of unsaturated haemo­
globin caused considerable error, is one which exists theoretically 
but the method is such that in practice it is avoided. Hie 
blood is dissolved in 0.04^ ammonia solution the pH of which 
is sufficiently alkaline to shift the oxyhaemoglobin o« eolation 
curve well over to the left. Although the ammonia relation 
is bubbled with nitrogen before preparation to prevent hi$i 
oxygen tensions dissociating the earboxyhaemoglobin, it was 
found that the normal Pog of' the ammonia solution once it had
been dispensed into• the.ej^bific/.graviiy"bottle was about 
.30-40 mn*%# . - -''At/'tMsfBog-- or.-even "lower the '-haemoglobin - 
;isai£tiy' oxygenated at the pH of the aanonia solution* - 
Another unrelated criticism is; that of Bookmans (lf67) ’who 
showed'that there is- a • tendency for carboryhaemo^lobin to : 
disiociate'• particularly when-'-dissolved oxygen -is' present. • ' 
lie derived a-series of correction -factors 'varyir^  >lth ihe.-r 
oxygen tension of the solvent#-.'• SMs...criticism as acceptable - / 
mid although the error is snail Beekrasns correction has -been 
applied "to the r e s u l t s * '
: ; In view o£: these criticises - and the importance "pt 
measuring carboryhaemoglo' 1*1 accurately even at low eoneentraiioas . ;
Lily,.- Cole and Hawkins undertook to independently evaluate- the. 
method* (W2)
.(c3.; Evalm ti(m  ' : S  : /  ...: -
;-Kethod t-,f/ V
- A series of mixtures of .air and ••carbon monoxide was 
prepared in plastic Bouglns a^,,3 by diluting teiom -Volumes 
of pure carbon monoxide with air from cylinders, The final 
concentrations of carbon monoxide were osiim? i c d by r.ocmo of a 
Kartmesin .and-Braun infra-red gas analyser* As previously 
deacribed-liib-aiiElyser was -sot on -zero -with -pur© oxygen and on . • :
200 and 400 p*p.n* with standard gases supplied by Jiank. Precision 
Industries (tolerance' - '5;')* :rost gases v/erc passed through 
silica gel to remove water vapour but as the error due to water 
is r:oro pi„,r.ifiernt at gen concentrations below $0 p,p.n* gases ’ =
containing these low concentration5 ’were passed through two tubes packed 
with pyvjneuiur. perchlorate* Two ty-niue different -gas con central, 'ons 
between 0 and Cg0 p*p*u» Co in air vw.i\ used* 10 of which v/^ re brXou 
50 p*p*n*’ ' '
Samples of red cells from 1 ml. of fresh blood were 
washed with saline, haemolysed by freezing and thawing, and 
diluted with 9 nil. of 0,1 M. Phosphate buffer, This sample 
was then equilibrated in a fbubblef type of tonometer, (Adams 
and Morgan-Hughes 1967). The advantage of this type of 
tonometer is that samples can be equilibrated for several 
hours without risk of dehydration. The sample was bubbled 
for three to four hours until serial analyses for carboxyhaem- 
oglobin indicated that a plateau had been reached. The mean 
of duplicate analyses was calculated and corrected for any 
error due to earboxyhaemoglobin dissocatioh by Beeckman^ 
method.
Theoretical earboxyhaemoglobin values were calculated 
from the Haldane equation. (Douglas, Haldane and Haldane 1912)
(1) (COHb) = M. (OgHb)• Pco.
Where (COHb) and (O^ Hb) are the concentrations of 
earboxyhaemoglobin and oxyhaemoglobin respectively expressed 
as percentage saturation. M. is the relative affinity constant 
taken to be 210 (Sendroy, Liu and Van Slyke 1929, 1930)* As 
the blood samples are fully saturated:
(2) (O^ Hb) = 100 - (COHb)
Pco*and Po^ are the partial pressures of CO and 0g in 
mm.Hg. and can be calculated from the following equations:
CO, p.p.in.
(5) Pco « — — r—  (Pb - PILO)
10
0o percent
(4) Po, =-£— --- - (Pb-PH„0)
■ ' 100
Where Pb is the Barometric pressure and PH^O is the partial 
pressure of water vapour at 37°0 (numerically 47 m m,Eg.), Ihe 
■Qp% is the percentage concentration of oxygen in-air (numerically 
20.95^). /
%  substituting equations (2)* (3) and (4) in equation (l) 
the following is derived:
'ioo
( COHb) « — ----
\ ? + 321 ; ‘ '
GO p*p.ra.
Measured earboxyhaemoglobin values were then plotted against 
theoretical earboxyhaemoglobin values, (Figure 2,11)
Results
©le straight line drawn on Figure 2,11 denotes the line 
of no difference between theoretical and measured values*
(i,e, loop correlation). It can be seen that the individual 
points (twenty nine different determinations) lie very close 
to this line. ©le inset in Figure 2,11 shows that between 
3$ and Op the closeness between the theoretical and measured 
values still holds.
Over the total range of saturations measured the mean 
error was 0.67^ COHb (SD. - O.65). For values below 
the mean error was 0.14^ COHb (SD. - 0.13 )*
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Figure 2.11 Plot of measured earboxyhaemoglobin $ 
against theoretical earboxyhaemoglobin 
$. Inset. Expanded portion of graph
0-3$ earboxyhaemoglobin.
Cc iclusien
Over the range 0 to 40$ earboxyhaemoglobin the Spectre- 
photometric method of Commins and Lawther is reliable, sensitive 
and reproducable. It shows a linear response over this range 
and the mean error was 0.67$ COHb (SD. ■£ 0.65).
Beeckman’s correction for earboxyhaemoglobin dissociation 
should be applied for the most accurate work although the error 
is very small. •
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; ■ ■ ' RESULTS
i. Cigarette Smoking and earboxyhaemoglobin
a. Introduction
The TT.S. Government has defined,a cigarette asM'('t) any roll of 
tobacco wrapped in paper or in any substance not containing tobacco 
or (2) any roll of tobacco wrapped in any substance containing tobacco 
which# because of its appearance# the type of tobacco used in the filler# 
or its packaging and labelling, is likely to be offered to# or purchased 
by consumers as a cigarette** (U.S. 3)ept* of Health Education and Welfare 
1973)♦ Cigarettes are further classified by else but according to the 
U.S. Dept* of Health Education, and Welfare virtually all cigarettes sold 
in the United States are "small cigarettes” which by definition contain 
'not.more"-than/I*361 grams of tobacco per cigarette.
In the United Kingdom there are four aisse categories of cigarette, 
small# standard# king sise and, international (Tobacco Research Council - 
personal communication) * The. dimensions and tobacco contents of these 
cigarette oises are not clearly defined and no published information is 
available.’ In order to determine the range of si see and tobacco contents 
of British cigarettes a packet, of 20 of a brand representative of each 
of the sise categories was purchased. Uhe brands .chosen as represent­
ative on the advice of the Tobacco Research Council were ’Sovereign*
(Small; Benson and Hedges); Senior Service (Standard? Senior Service 
Ltd)? Rothman’s King Size (Rothmans of Ball Hall)? and Rothman*s Select 
(International; - Rothmans of Pall l/all). Three of the brands contained 
filter tips. (Sovereign# Roihasn#s King Sine and Rothmen’s Select). In 
these the overall length and the length of the tobacco rod was determined 
separately. Additionally the tobacco was re?.ioved and weighed. The 
results are tabulated on page 72.
Diem Circumference Overall Length Tobacco Tobacco
Hod content
ma mm " ' m  m  & -  SB
Sovereign. 7*0 22*0 65*0 49*0 0*525 - 0*018
Senior’Service 7*5 'S*& 70*0 70*0 1*041 - 0*054
Hothman*© King 8*0 25*1 84*0 65*0 0*862 t 0*02
siv.e . ■ .
Rottaans Select. 6*0 S5-1 94*0 74*0 1*026± 0*055
The Carbon monoride content of cigarette smoke has variously been 
estimated to be 0*6 « 1*4^ of volume (Armstrong 1922), 2$ (Bokhoven and 
Messer 19^ 1) $ 4*2;' (Osborne, Adanek and Hobbs 1956** Philippe-and 
Hobbs 195^ ) ‘and 5$ Wyn&er and Hoffman (1967).
fee gram of tobacco has been estimated to yield 0*1 to 0*5 
of CO Toth (1907)., 4*1 ml. (Lee 1908)., 15-25*5 ml.- (Lehman 1909)**
8*5 ml.(Paumberger 1925)** 17-55 ml. Ilirisman and Abel (1954) and 20 ml. 
(Danielses 1949)*
Bie wide differences in 00 content and yield in these studies 
presumably reflects differences in methods of .producing the smoke end 
. different' characteristics of the tobacco end the cigarette. Armstrong 
(1922) for example found that the proportion of carbon monoxide in tobacco 
smoke varied-with the rate of smoking and also with the-closeness of the 
packing of cigarettes* ferula (1937) found that mouth-produced tobacco 
smoke had half the carbon monoxide content per gram compared to machine 
drawn smoke. Daniel sen (1949) showed that at a continuous moderate 
suction the CO content of cigarette smoke increases progressively from 
0*5 to 4$ as the cigarette is btmied, Intermittent suction also produces 
the same effect, the degrees of suction being important. A strong draw 
at the beginning of a cigarette produced about 2-5 times more CO then a
moderate draw (up to 5$ in volume). A more recent study by Kaebiech 
(1970) has shownessentiallysimilarfladings* fIhe 00 content of
cigarette smoke increased from 2*0 - 1p initially to 5*0 - 1$ after 
60 rm of a cigarette has been burned.
In auMnary, then it appears that the CO content of cigarette smoke. 
depends to b  large, extent on compaotnesfc of the tobacco within the 
cigarette, smoking1 technique (suction rate and depth) and the length 
of cigarette consumed* The lowest levels would be found in the initial 
■ smoke; of a tightly packed cigarette drawn'-slowly-and the hipest levels' ■ 
in the smoke from the latter part of the cigarette drawn deeply and 
rapidly® ill of, these factors presumably relate to the combustion
temperature of the tobacco and the availability of oxygen*
The inhalation and absorbtion of C0 from cigarette smoko has been 
the subject of several investigations* Baumberger (1925) showed that 
about ‘61$ of the 00 in inhaled smoke was absorbed and retained whilst 
Saruia (1959) claimed that l&p of the carbon monoxide entering the mouth 
was absorbed and calculated that this would result in a earboxyhaemoglobin 
saturation of 1*7$ from one cigarette. Bokhoven and Hiessen (1961) 
showed that 82?f of the Inhaled carbon monoxide was retained and a sailer 
figure resulting in the absorbtion of 7*5 ml. of carbon monoxide from 
smoking 45 mm* of cigarette was demonstrated by Haebisch (1970) •
Jones, Yant and Berger found that concentrated cigarette smoke 
did not reach the alveoli so that the alveolar concentration of carbon 
monoxide was considerably lower than that in the mouth. Ihey found 
that during smoking the alveolar concentration of 00 was about 100 p.p*m* 
However this is likely to be very much lower than the concentration 
present in the Alveoli immediately after inhalation if 70~80>! of the 
inhaled CO is absorbed. (Bokhoven and Hiessen, 1961, Haebisch 1970)*
Hie U.S. Department of Health Mucation and Welfare (1970) give a figure
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of 400 p.p.m. es an alveolar concentration during smoking, although 
no reference .is made to the source of this information. However even 
this may he an underestimate since again alveolar concentrations after 
expiration will not he as high as alveolar concentrations at the end 
of inspiration if there is a high rate of absorbtion, With such 
effective pulmonary absorbtion, alveolar concentrations during smoking 
are probably not a true* reflection of exposure intensity due to cigarette 
smoking, -
A more realistic measure of exposure is obtained from determining 
the blood earboxyhaemoglobin concentration. be Bon (1880) first showed 
experimentally that the blood of animals exposure! to cigarette smoke 
contained earboxyhaemoglobin and this was confirmed by Dudley (1688).
Wahl (1099) studied the absorption of CO from tobacco smoke in-vitro and 
concluded that the quantity taken up from cigarette smoking would be 
insufficient to produce ill-effects. The blood levels of carboxy- 
haemoglobin in smokers has been measured by many different workers.
Table 3,0 gives a summary of some of these studies.
Schmidt’s study (1943) showed that cigarette smokers had COHb levels 
between 2 and 4$ before smoking in the morning indicating that a night’s 
abstinence did not reduce the levels to that of non-smokers.
Schrenk (1942) showed that whereas a group of cigarette smokers 
gave an average blood level of COHb, pipe smokers had 2® 5/^ &nd 
cigar smokers 3* 2?* He did not relate quantity of tobacco consumed 
in the pipe and cigar smokers. It is of interest here, perhaps, that 
Castle don and Cole (1973) have shorn that cigarette smokers switching ‘ 
to cigars or pipes have COHb levels comparable to cigarette smokers 
<5.2* ± 2.7>. Primary.’ cigar or pipe .smokers have significantly lower 
COHb levels (2*3$ ~ 1*0) indicating that cigarette smokers switching to
cigar or-pipe continue to inhalate and/or smoke more toWoco then the 
primary cigar or .pipe, smoker.
Because of the wide variation- in CO concentration in cigarette 
smoke as well as the many-other variables to be discussed, later, studies 
involving small numbers of observations can be misleading,. However,: 
Barthe, Paris, jOuchemin et, al (l933)wtth a population of 30 non-smokers 
and 100 smokers found very little 'difference between the two. groups'
(Table 3*0), However the Iodine Pontoxide method, they used to estimate 
COHb based on that of Kicloux (1898) is probably not very sensitive.
In a very large study of 5,311 longshoremen, Goldsmith (1970) found 
blood COHb levels in inhalers'which increased with increasing numbers 
of cigarettes smoked (Table 3*0). He also showed a clear difference 
between inhalers and non-inhalers the latter having blood levels about 
1*5^ 'COHb lower than those of the inhalers, The method used to determine. 
COHb in this study was published by ilingold, et, al, (19&2) and is based 
on the CO content of expired air after a 20 second breatkholding period, 
earboxyhaemoglobin is derived from this analysis. A recent very large 
study, by the Medical College of Wisconsin (1972) has confirmed the 
validity of this method' of.estimating. OORb as .compared - to' direct blood 
analysis,. Since this method needs validating for each study by comparing 
blood levels measured directly,' with.'-.expired air analysis, It is only 
useful for studies involving very large numbers of observations fCohen 
et. al. 1971)*
Kjeldsen (19&3) in a series of 993 subjects found significant 
differences between smokers .end non-smokers (Table 3*0), In addition 
to this 39 of his - subjects, were diagnosed as having atherosclerosis - 
and' treated separately. Of these, 37 were smokers and had a moan COHb 
concentration of 7*($ ('SB' i 3*7) the remaining 2 wore nhn-smokers and 
had a mean COHb of 0*5/^  (SB- 0*7)* The difference in COHb between
TABLE 3*0
Literature - on cigarette • smoking and. 
carborvhaemogloMn concentrations*
Authors Ho, Cigs/day cmgil Notes
Hartridge
(1919-1920)
Schmidt
(1939,1945)
Schrenk (1942)
Parmeggiani and 
Gilerdi (1952)
Barthe, Paris, 
Pucheroiri at* al* 
(1953)
Besoille et. al* 
(1962)
30
20-30
10-20
0
> 20 
< 20 
0
30-40
15-23
10-12
0
?
0
up to 40 
0
Goldsmith (1970) > 40
10*40 
^ 10
Kjeldsen (190) ?
0
6
0
3*7 
2*5 
1*0 
5*35 - 1*81 
4*10 - 1*94 
1*71 £ 0*62 
9*3 
6*3 
4*9 
2*8 
0*80-2*00 
0*60-1*20 
up to 12*7
1*5 
6*8 
5*9 
3*8 
4*2 - 3*1 
0*4 - 0*9
In one cigarette 
smoker
In a second. 
cigarette smoker,
Average cone.
Average cone.
Average cone.
Range 6*14 % n=3 
2-9*5$ n«6
1-9 $ n«14
0-4 $
Smokers n»106
Non-smokers n=30
COHb closely 
correlated to numbers 
smoked.
mean non-smokers 
mean inhalers 
mean inhalers 
mean inhalers 
Smokers n«7$8 
non-srabkers n«196
continued TABLE 5*0
Authors Ho. Cifls/dsy_ COHbfcfi Notes
Lawther and 
Comrains 1970
3*5
Jones, Commins 
and Cernik (1972)
0
0
0*8
5*31 - 2*6
1*55 - 0*8
Smokers exposed to 
London traffic, range
0*4 - 9*5.S3)' - 2*1 
n a 165
non-smokers exposed 
to same environment 
ran^e. 0*0 - 2*5 
SB ± 0*4 n«155
Smokers n**2^
Range a 1*0-9*7
Non-smokers n=20 
Range « 0*4-3*0
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the non-atherosclerotie smokers and the atherosclerotic smokers was 
highly significant (p < 0*001). This difference remained significant 
if he compared cigarette, pipe, cigar or mixed smokers and also if 
he compared them on the basis of the amount of tobacco smoked.
Desoille et. al. (1962) have correlated the COHb concentration 
in smokers with the number of cigarettes smoked and show a range of 
from 1*5$ in non-smokers to 12*7$ at 40 cigarettes per day. Lawther 
and Commins (1970) in comparing Urban air-pollution and cigarette smoke 
as sources of CO have shown that whereas non-smokers exposed to London 
traffic have a mean COHb concentration of 0*8% (range 0*0 to 2*5# SD - 
0*4 n « 155)» smokers exposed to the same environment have a mean level 
of 3*5i° (range 0*4 to 9*5* SB - 2*1 n « 165). Hie bulk of the estimations 
in this study were measured by Ahe spectrophotometric method of Commins 
and Lawther (1965) on whole blood.
Jones, Cummins and Cemik (1972) as well as showing significantly 
higher COHb levels in smokers as compared to non-smokers showed also 
that COHb in day-time smokers (4*82fS - 2*6 n « 28) was significantly 
higher than night-time smokers (2*57$ ~ 2*5 n <= 22). They attributed 
this difference to the lower ambient CO levels during the night, although 
since no account was made of amount of tobacco smoked by each group it 
is possible that the differences are related to differences in smoking 
habit. They also found significantly lower COHb levels in non-smokers 
at ni$it than in non-smokers during the day and this difference is likely 
to be due to the much lower ambient CO levels during the night.
The influence of the environmental situation in which smokers are 
smoking has been poorly investigated. Russell, Cole and Brown (1975) 
sat a group of seven cigarette smokers, two cigar smokers and twelve 
non-smokers in a smoke filled hnventiiated room in which the ambient CO 
was on average 38 p.p.m. After a mean time of 78 minutes the non-smokers
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had an increase in COHb of from 1*6 to 2*6/', a rise that was highly 
significant (p < 0*001). ®iis so-called ’passive smoking* results 
in non-smokers acquiring 00 from the exhaled smoke and the non-inhaled 
smoke of smokers. In this rather extreme experimental situation the 
mean mbleni CO at 33 p.p.m. was only in the same order as that found 
at street level in London from traffic exhaust (Waller et. al. 1965»* 
CcnMns and Lawther 1970). Perhaps more important is the fact that 
hi$ier transient levels of CO can exist near to cigarette smokers. .
Lawther and Coimtins (1970) showed thatra non-smoker could he inhaling 
peaks of up to 94 p.p.m. when sitting close to a smoker.
Hie question of how CO absorption from cigarette smoke is affected 
by mbieni CO is also disputed. Russel* Cole and Brown (1975)* found 
that 1heir smokers accumulated COHb at a rate on average of 0*7^ per 
cigarette Whilst coking in a contaminated atmosphere containing 39 p.p.m. 
CO. Althou^i they did not measure CO absorption in the same subjects 
in a non-con laminated environment, this figure is only slightly lower 
than that found by Bimstingl, Cole end Hawkins (196?) for a smoker 
inhaling in a normal room (0*9&}'> per cigarette) •
Commins end Lawther (1970) studying smoking and non-smoking traffic 
policemen concluded that the effect of smoking outwei^ied Hie effect 
of exposure to street air. Hones, Corsmins and Cernik (1972) however 
indicate that smoking during the night, when ambient CO is low results 
in a lower COHb level than smoking during the day when ambient CO, is 
high, although it lias been mentioned that no account was made of smoking 
habits between the two groups in this study*
Smith (1968) exposed 10 healthy men for up to 24 hours to 30 p.p.m.
CO in air, an ambient level similar to that used in the passive smoking 
experiment of Russell, Cole and Brown (1973) and similar to the atmospheric
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levels reported as normal for London by Waller Commins and Lawther 
(1965) and Commins and Lawther (1970)* 'Ihe equilibrium with this 
level was about Jp COHb which was established after 12 hours exposure.
60fo of equilibrium existed after only 2 hours exposure* Non-smokers 
exposed to- JO p.p.m. CO could be expected to have between 3 and COHb 
after 2 hours exposure* One smoker among the group who entered the 
chamber with 5*8p COHb had no further contribution made to his COHb 
by the ambient CO and a further two smokers who entered the chamber with 
£•4 and 3*2p COHb were within the range of carboxyhaemoglobins found 
in non-smokers within 8 hours.
None of these studies has attempted to relate the activity of the 
smoker to the level of carboxyhaemoglobin, although this was shown by 
Forbes* Sargent and Houghton (1945) to affect the rate of uptake of 
carbon monoxide from a carbon monoxide in sir atmosphere. Stadie 
and Martin (1925) showed also that the rate of elimination was increased 
if respiration was stimulated. Similarly Grut (1949) stated that the 
rate of elimination “depends mainly on the carbon monoxide content of 
the surrounding air* the volume of breathing and the minute volume.”
Aims of Present Study
*Hie present study was undertaken to attempt to relate smoking 
rates sad carboxyliaeDioglobin concentrations to activity levels whilst 
smoking. Further aims were to determine the correlation of number of 
cigarettes per day* number of cigarettes on the day of sampling* and 
the time between the last cigarette smoked and blood sampling to 
carboxyhaemoglobin levels. Finally attempts were made to devise a simple
mathematical model for relating the best correlated smoking variables 
to carboxyhaemogl obin levels and to establish ‘normal1 carboxyhaemo- 
globin levels in smokers and non-smokers as a basis for exposure intensity 
in the work forming the subsequent parts of the study.
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(SMs study was carried out in collaboration with Dr. F*V« Cole.
Ihe present author was responsible for Midi of the organisation and 
collection of blood samples end subsequent analysis* although tedinical 
help with the latter is acknowledged* Responsibility for the literature 
survey* results and conclusions reported here rests entirely with tlie 
present author* Mr* John Harris is acknowledged with help in the 
mathematical treatment of the results*)
b. Method
Ihree groups of individuals were chosen* pregnant women, manual ' 
workers and office workers*
'Jhe pregnant women were of interest because of the later study 
of the effects of smoking in pregnancy* Tne manual workers and office 
workers were chosen because they represented two easily accessible groups, 
one of which was engaged in physically active work, the other in 
sedentary occupation* All the groups included smokers and non-smokers* 
*ttie pregnant women were sampled as they presented themselves to 
the ante-natal clinic at St* Bartholomews Hospital during the afternoon 
session (2 p.m - 4 p.m) * Hie office workers were sampled in their 
offices between 2 p.m and 4 p.m. Ihe manual workers were a sample 
of the meat porters and active market v/oikers in Smithfield Harket.
Ihis group was sampled between 10a.ra. and 12 noon, which like the other 
two groups corresponded to about 6 hours after the start of their working 
day. 5he participants were not informed the true purpose of the study 
in fear of it becoming known that the interest was in cigarette smoking, 
lhis would have biased the sample in that only smokers would have 
volunteered to be sampled.
In addition to these three groups a second group of pregnant women 
was sampled at the morning session of the ante-natal clinic (10a.m. to 
12 noon). A number of smokers was chosen equal to that sampled in the 
afternoon but this group all but seven of the non-smokers were rejected. 
Ihis group was used to determine the effect of time of day on csrbo^y- 
haemoglobin concentration.
Each individual was asked how many cigarettes he (or she) smoked 
each day, how many had been sacked on the day of sampling and how long 
it was since the last cigarette was smoked.
A blood sample was taken from a finger prick into a heparimised
capillary tube. In the case of the pregnant women a capillary sample
was removed from a syringe after routine vene puncture. 'Xhe capillary
tube was plugged at either end with silicone putty and placed in a
small box-in;the dark. f£he estimation of carboryhaemo#obin was made
later in the same day for the samples collected in the morning, and the
following day (about 18 hours later) for the samples collected in the
afternoon. Bhe samples were kept in the dark at 4°C between collection
and analysis and control estimations showed that when kept in this
way they were unchanged after 24 hours. Carboxyhaeraoglobin was estimated
by the apectrophotometricmethod of Commins and Lawther and with the
0
application of Beeekmans correction (p 67).
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■ °* Results and Comment 
Tables 3*1* 3*2, 5*3 and 5*4 give the raw data for the four groups 
of individuals# Only the pregnant women (p.m sample), contains the 
complete data on numbers of cigarettes smoked, numbers smoked on day 
of sampling, and time since last cigarette since incomplete information 
on these variables was obtained from the other groups. Ihe mean 
carboryhaemoglobin concentrations in the four groups for grouped numbers 
of cigarettes smoked is presented in Table 5*5*
There is a significant difference between the non-smoking pregnant 
women sampled in the morning and in the afternoon (t » 4°495 V < 0*001), 
the morning sample having the lower level. The non-smoking meat porters 
have a significantly higher carboxyhaemoglobin concentration than the 
pregnant women (a.m. 4 p.m. groups) (t « 4*473, P < 0*001). However 
there is no significant difference between the meat porters and Office 
workers (t * 1*944 p > 0*05) ov between the pregnant women and office 
workers (t *= 0*932 p > 0*05)*
Tne differences between the morning smokers and the afternoon levels 
in pregnant women smokers show that for the 1-5 cigarettes per day 
group the COHb is significantly lower in the morning samples than in 
the afternoon (t * 3*558*# 0*001 < p < 0*005)* The 6-10 per day group 
is si^iificant but less so (t » 2*793? 0 0*005 < P  <0*01) whilst the 
higher smoking groups are all non-significant (p ~ >0*05). The COHb 
levels in each of the four groups, together with the relevant statistical 
data, is given in histogram form in figure 3*1* It can be seen that 
the meat porters (smokers) have a higher mean COHb concentration than the 
pregnant women smokers, a difference which is highly significant 
(t «s 4*564* P < 0*001, pm group). The smoking office workers too have 
a significantly higher level than the p.m. pregant women (t « 6*505 P 
<0*001), and a higher level than the meat porters which is only barely 
significant (f « 2*294 p* 0*025 < P < 0*05)
TABX»B 5.1
Carboryhaexao,?!obin concentrations and 
numbers of cigarettes smoked in Meat 
Porters.
Ilon-Smokers COHb/C Smokers (n«63)
(n»54) Ho.Oigs/days COHb/s
2*50 0*11 20 2*08 10 7*50
1*30 1*60 • 20 5*95 5 3*57
2*?0 1*50 25 5*20 25 3*20
1*10 2*20 22 5*90 25 3*80
0*47 1*30 7 2*00 10 6*40
2*30 1*10 45 4*80 80 5*30
1*2$ 0*83 10 6*60 8 4*07
1*87 1*20 10 4*50 20 6*50
1*47 1*80 40 6*50 12 4*90
1*00 1*50 7 5*06 20 3*30
0*41 5 2*80 20 2*74
2*20 27 7*60 10 5*70
0*43 25 5*96 20 3*60
1*60 25 4*80 15 7*80
1*35 10 6*15 10 4*40
0*30 22 6*84 40 6*70
2*27 20 7*57 30 4*10
1*28 45 4*67 30 5*90
2*00 15 3*67 6 1*93
2*10 10 5*83 40 3*30
2*50 40 3*07 60 8*20
1*92 6 2*17 22 7*50
2*70 25 4*86 5 0*72
0*92 6 4*86 50 5*30
continued TABLE 3*1
Hon-Smokers COBbyC Smokers (n«63)
(n«34) Ho. Cigs/day* -COHt^
10 2*50 50 3*90
20 1*59 2D 4*40
2*20 30 6*60
20 5*71 45 10*10
50 3*10 25 5*90
20 9*50
20 5*47
20 10*50
22 3*80
10 3*97
TABLE 3.2
Carboxvhaemo.glo’biii concentration and number 
of cigarettes smoked in  Off lee Workers*
Non-Smokers Smokers
(n*19) Wo.Clga/day; ■ cfOHI# . .
40 13*40 18 9*30
0*35 15 12*00 20 10*20
1*50 12 7*60 22 6*50
1*40 14 6*70 2 2*50
1*50 18 6*20 15 6*50
1*04 21 5*90 20 9*70
0*80 15 5*60 8 4*50
1*50 20 5*60 30 3*70
0*31 40 5*40 40 8*40
0*27 20 5*10 20 7*10
0*36 7 4*90 10 4*00
1*40 15 4*20 40 11*10
1*67 17 3*88 20 7*10
2*50 3*86 20 10*00
1*15 15 2*70 20 6*30
0*00 10 2*90 20 10*00
1*70 14 2*12 m 7*60
1*50 5 1*59 20 2*90
1*30 4 1*58 22 8*75
1*05 8 1*48 10 5*30
20 6*78 20 5*12
30 9*30 10 3*60
20 5*70 10 2*95
continued TABLE 3*2
Hcn-Smokera COHM* Smokera (n~5S)
(n»19) $o#Cigs/d&ys COHt#
20 6*80 30 6*70
It 4*40 20 10*90
15 5*20 20 6*30
a? 9*60 20 10*00
to 2*80 40 7-60
20 2*90 10 1*48
TABLE 3 ,3
Carbo^ yhaeiTio^ lobin concentration, number of 
oig&getteg.amoked per day* number of cimrettes 
smoked same day« and time since last cigarette 
in vremznt women, (Sampled in the afternoon)
Hon-Smokers COHfc^  n « 124
1*17 ° * 63 1-83 1* 14 0*89
0*00 °*56 1*30 0,80 0*68
0*17 1* ° 6 -(.20 1*33 1 -43
0*00 .1*14 o*24 °*42 o*71
0*13 1*37 1*39 1*39 1*32
1*93 1*77 2. 22 1*16 0 *54
1*66 0*40 0.51, 0*85 . 1>14
1*80 1*48 1i56 °*80 o*76
1*25 1*28 0*46 1,14 0*59
0*00 H 67 1*02 °*57 l 6i
1*95 ° * 78 1*25 1*61 o*48
1*32 ° * 87 0*55 1*74 0*89
1*48 1*48 1427 1*°4 1.01
1*38 ° * 16 0*35 1*33 0*36
1*79 0,18 0*65 °*99 o*94
1*39 8*83 i.gj 0*57
0*94 1*25 0*3o 1,88 1.09
1*56 1*40 0>82 1*35 u6o
2*00 1*15 ,*3 6 1*67 i. G8
1*79 2i34 0*63 1*22 0.87
1*21 0*75 1*35 1*15 0 . 97
0*62 °*46 8*89 1' 77 0*00
0*7A
0*97 8*68 0*89 1*20
1*23 0*80 0*50 2*46
0*00 0*71 0*00 1*44
0*00
continued ffABLE 5 .5
SmoTcera (n = 76)
Ko. Cigs/dav Ilo. Gita; Same day. Kina from Last_____ COirbfc?)
15 6 90 3*63
10 3 120 3*75
2 2 135 1*56
2 0 960 1*45
5 1 60 3*13
20 6 60 3*22
35 10 90 5*56
12 4 105 3*30
20 12 30 7*97
5 0 960 1*42
2 0 960 1*19
2 1 150 5*03
25 5 15 5*83
12 5 120 4*04
7 1 300 1*23
10 4 150 5*00
7 5 300 4*30
10 5 150 4*06
20 5 120 3*88
15 5 120 5*16
17 4 135 2*60
10 5 135 3*89
25 1 120 2*62
10 6 10 3*06
12 10 120 2*98
6 3 75 5*50
continued MELB ^ .3
l.'o. Clga/dav Ho. Clfis Same day. Mins from Last COHb ('.'i)
20 4 75 4*65
30 5 75 5*05
10 6 150 2*75
5 o 960 1*30
2 0 960 1*67
1 0 960 1*33
8 3 120 3*82
4 0 960 1-47
5 1 300 2*81
20 6 180 3*13
1 0  960 2*08
15 1 210 2*98
2 0 960 0*97
12 7 105 4*12
20 10 90 5*54
10 5 180 4*53
0*5 0 960 1*33
10 0 960 0*96
15 5 165 2*55
10 0*5 150 1*43
20 6 395 3*59
25 15 105 5*59
20 15 5 4*88
40 20 60 4*77
6 2 120 2*29
12 10 105 6*82
10 7 90 4*66
Ko. Cim/dm l?o. Clfia Same day. Mins from Last COHb (Y)
25 9 90 3*04
12 7 60 3*63
20 5 90 3*37
14 4 150 4*07
20 10 150 3*47
10 2 180 3*75
30 7 90 4*81
25 15 2 6*94
30 7 15 5*16
30 10 120 4*46
11 4 105 5*50
12 5 120 4*22
15 3 75 4*43
10 4 120 3*33
10 4 75 4*83
40 10 5 8*00
5 3 150 2*34
20 4 60 5*88
20 2 105 3*67
9 6 120 2*43
12 2 5 3*81
25 16 90 3*34
10 2 150 4*13
TABLE 5.4
CarbGryliaemo&1 obin concontrailcn. number-of cigarettes 
smoked per day and number of ci&srettes smoked a sine 
day in Pregnant Women, (sampled in the morning)
Bon~smokers C0Hb£ _ Smokers (no 76)
(n « 7) Bo. Gigs/day Bo. Gigs same day COHb ($)
0*00  10 7 3-00
0 * 0? 10 3 5*80
0*00 20 6 4*71
0*00 40 20 5*80
0*00 20 1 2*10
0-15 20 10 5*50
0*55 25 6 5*90
5 1 0*50
6 0 1*78
a a 2*55
20 7 4*55
50 15 6*07
20 8 5*84
20 2 0*2?
5 4 1*19
40 20 4*57
4 4 0*25
10 2 5*02
4 2 0*21
15 5 1*97
25 12 5*97
15 10 2*68
*32 10 5*04
22 10 4*17
continued TABLE 5.4 
IIon-smokers . ,C0HM^ Smokers (n « 76)
(a * 7) Ko* Cigs/day . Ko» Gigs same day COHb (f/?)
12
12
20
20
12
15
10
10
e
10
10
10
10
40
15
5 
25 
15 
15 
50 
15 
17 
20 
30 
25
6
5 
10
6 
10
6
2
1
4
0
2
2
2
4
1
1
0
1
4
4
0
3*27 
4*0? 
5*96 
5*18 
4*01 
3*75 
3*43 
3*90 
1*37 
1*07 
2*14 
3*39 
0*29 
5*72 
4*40 
0*20 
9*1? 
0*03 
0*34 
2*01 
2*40 
0*00 
6*90 
3*12 
0*00 
0*20
continued TABLE 5.4
' CCHti$? ' ■ ■ ■ ■ ■■ Smokers (n « 76)
Bo. Gigs/cay Ho. Gigs seme day COHb (f/0
15 2 0*10
15 2 0*27
17 1 1*83
12 7 5*36
12 5 3*03
10 3 4*07
10 3 0*13
10 1 0*00
5 0 0*14
6 * 1 0*63
15 1 0*15
15 0 2*65
17 8 10*54
20 5 8*12
20 20 13*63
12 4 5*74
15 4 5*75
10 2 0*60
10 2 0*92
12 3 0*90
20 1 5*21
15 8 6*91
15 2 6*50
20 3 7*00
20 4 3*50
4 0 1*20
Keen COHb $ of the three groxins of Individuals 
vrith groaned number of cigarettes smoked ner day
Number of Cigarettes COHb ^
per day Mean ~ Standard Deviation
Pregnant Women
a*su p.m. All Meat Porters Office Workers
0 0*11 i 0*20 1*05 i 0*55 0*99^ 0*56 1*50 “ 0*71 1*12 £ 0*63
1-5 0*54 -  0*43 1*93 - 1*05 1*43-1*13 2*52 £ 1«21 1*89 £ 0*55
6-10 2*13 - 1*69 3*48 -  1*28 2*80-1*66 4*60 £ 1*75 3*39 £ 1*32
11-15 3*06 i 2*22 4*04 i 1*06 3*44^ 1*85 5*46 £ 2*12 5*54 £ 2*72
16-20 4*69 i 3*51 4*36 - 1*51 4*64-2*80 5*50 i 2*74 7*04 £ 2*46
21-25 4*70 i 2*99 4*56 - 1*78 4*64±2*35 5*25 i 1*55 7*05 £ 1*50
26-30 3*75-2*09 4*86 i 0*31 4*38±1*37 5*46 £ 1*85 ,7.38 £ 2*38
31-40 4*03 - 0*47 5*39 - 1*19 5*07-1*59 5.39 £ 2*70 9*1S £ 3*12
41-50 5*75 “ 2*48 -
50-80 ' ~ - 6*75 “ 2*05 —
Office Workers
Meat Porters
Pregnant 
Women (p. m .)
Pregnant 
Women(a. m .)
1 I Non-Smokers 
V//A Smokers
S D -  0.70 2.10 0.20 2.69 0.55 1.60 0.63 2.91
SE. Mean 0.10 0.26 0.07 0.31 0.05 0.18 0.14 0.38
N . 34 63 7 76 124 76 19 58
Figure 5« 1 Carboxyhaemogl obin concentrations in the 
four groups. Differences between groups 
and between smokers and non-smokers.
B3
Bie distribution of smoking habits in the three main groups 
is presented in histogram for® in Figure 3*2* fJ0ae majority of 
smokers in the pregnant women and meat porter groups smoked about 
10 per day whilst the majority of office workers smoked twice this 
number# Hone of the pregnant women or office workers admitted to 
smoking more than forty per day althou^i an appreciable number of 
meat porters smoked in excess of this (l1*3g above 40 per day)# It 
is interesting that many individuals assessed the numbers of cigarettes 
per day they smoked to the nearest cigarette (and not as might be 
expected to the feearest pack else* 10 or 20). Biis tendency was less 
marked however in meat porters who usually assessed the number they 
smoked in tesms of numbers of packets even though very often they would 
do so to the nearest half-pack# Biis is evident from Figure 3* 1 where 
numbers of cigarettes per day falling between the usual packet sizes 
(especially between 10 and 15) show a decrease in the number of smokers.
 ^The ratio of smokers to non-smokers Varied between the groups# 
Office workers had the highest proportion of smokers (75$)*» whilst 
65^ of meat porters smoked and only yssfa of the pregnant women.
Figures 3«3t 3*4» 3# 5* ond 3*& show computer-produced scatter 
diagrams of the raw data from the four groups which demonstrates the 
large range of carboxyhaemoglobins for each smoking rate# Superimposed 
on three of these figures are best-fitting curves derived from a 
mathematical model to be described later (Figures 3*5/5& % b  end c).
The model was found to be unable to be applied to the data for the a.m# 
sampled pregont women. IMs is because many smokers in that group 
showed near to zero COHb concentrations and the curve intercepts the 
X axis. A simple linear regression of the data demonstrates this and 
is shown in Figure 5#6A.
Pregnant Women (p. m. Sample)
Non Smokers =  62%
n r  e e Number of cigarettes
1 5 10 15 20 25 30 40 50 80 per day
Meat Porters
Non Smokers =  35%
Number of cigarettes 
1 5 10 15 20 25 30 40 50 80 per day
Office Workers
Non Smokers =  25%
Number of cigarettes
Figure 5.2 ..Distribution'of!-' smoking habits'in..the . three 
groups of smokers. ■
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Although the mean COHh concentrations for the pregnant women 
sampled in the morning and in the afternoon are not significantly 
different (Figure 3*1) there is an apparent difference in the 
distribution of COHb concentrations relative to numbers of cigarettes 
smoked. Whereas all of the smokers in the afternoon sample have COHb 
concentrations of about 1 c/o or above, there are a large number of 
individuals in the morning sample, who althou^i smoking up to 25 
cigarettes per day have levels considerably below 1fS. Keference 
to Table 3.4 reveals that nearly all of these individuals have smoked 
between 0 and 2 cigarettes that day. However there are many individuals 
in the afternoon sample who have hot smoked or have smoked only one or 
two cigarettes th&t day, but these have much hi^ier COHb levels, nearly 
all in excess of '1$.
A mathematical model was constructed which allowed the shape of the 
curve relating earboxyhaemoglobin to numbers of cigarettes smoked per day 
to be derived.
'Ihe form of this model proved by trial and error to be:~
n  1 r, 4. b-
c K h a.h.
Inhere n = number of cigarettes smoked per day 
c * COHb (^ )
h - total concentration of haemoglobin 
a =,rate of formation of COHb 
b « rate of decay of COHb
'this theoretical model assumes that the amount of CO acquired is 
proportional to the number of cigarettes smoked per day (n) and that this 
CO saturates a certain proportion of the total available haemoglobin (h) 
to give a COHb saturation (c). '.Ihe form of this uptake will depend on 
. uptake in the smoking periods (a) and elimination in the non-smoking 
periods (b).
03
ie. h + n c
The values to fit the model are obtained from, a regression analysis 
of n/c against n the general equation for which is
~ « x '+ y n  + e where e is a constant error factor, c
From this analysis the plateau level of COHb can be calculated 
which represents the level at which uptake equals elimination. 'Ibis
value is called (1 . (Table 3.6).max *
« S  3.6 ■
Group c (S  eoHb) ..max. , / F a ($ C(Bb per b cigarette)
Meat Porter 5*927 6*71 0*149
Office Workers 16*005 35*81 0*028
Pregnant Women (p.m.) 6*178 9*65 0*103
Another way of expressing this result is to calculate the number 
of cigarettes which would have to be smoked per day in order to achieve 
themaximum concentration. Ibis value, (P) is slightly more meaningful,
V ■ /  . \
in practice than since this theoretical maximum occurs in all cases 
at smoking rates in excess of 80 per day and is therefore not observed.
Ihe .numbers of cigarettes required to produce J this theoretical maximum 
is well within the range of normal smoking habits*
Ihe final column in Table 3*6 is a measure of the rate of accumulation 
of CO in the initial smoking period. It can be seen that this value, 
s/b, ■bears an inverse relationship to the plateau level (C ^ ) . Tnis 
is presumably because factors increasing the rate of uptake of CO during 
exposure are also the factors increasing the rate of elimination in the 
non exposed period. Hie overall effect therefore is that although initial 
CO uptake is rapid creased elimination results in a lowered plateau
level*
The model equation was used to derive a computer program from which
a best fitting curve for each set of data could “be derived* Curves of
the form C -  were fitted, values of the constants a, b and s'a ♦ y + n
being determined so as to minimise the sum of the squared deviations of 
Ln (COHb fo (measured) *r 1), c, b and a are COHb saturation,elimination 
constant and uptake constant respectively, as described for the model*
# is a constant* Provision was made for the background COHb concentrations 
of the non-smokers, so that the curve would normally intercept the T axis 
near to the mean non-smoking level. It is for this reason that a curve 
could not be fitted by this method for the data from the a.m# sampled 
pregnant women, since this line intercepts the X axis.
Hie regression analysis of variance for each of the three sets of
data is given in Table 3*7 and the derived lines are given in Figure 3*3/5A, 
a,b and c. Superimposed curves for the three groups are given in 
Figure 3*3/5A, d.
5he computer model was also used to calculate the COHb contents 
of the non-smokers in terns of cigarette equivalents* This reveals that 
in the meat porters the background level is equivalent to smoking 1*91 
cigarettes per day, in the office workers it is equivalent to 2*94 per 
day and in the pregnant women 2*02. Unfortunately it has not been 
possible at present to test the significance of the difference between the 
three derived curves, although it seems likely that there Is no difference 
between pregnant women and meat porters, whilst there is a difference
between office workers and the other two* *
The theoretical considerations of uptake and elimination from 
cigarette smoking have been based only on a consideration that the numbers 
of cigarettes smoked per day was the sole dose determinant* There is
See Appendix 1*
Analysis of Variance for the regression of COHb against
numbe
lines
rs of cigarettes smoked per day. The re feres si on
,._p_ _ _
are dra\m in Figures 3 • 3/5^l© $ a ^ b ^ c «
F
1, Meat F 
Source
orters
DP Sum of Squares Mean Square
Regression 2 17*91 8*9591 81*775 < 0*001
.Deviations 94 10*4079 0*1107
Total 96 28*3260 0*2951
2* Office Workers
Source DP Sum of Sauares Mean Square F V
Regression 2 24*3969 12*1985 110*449 <
I
\—
 
0 00
Deviations 74 8*2833 0*1119
Total 76 32*6802 0*4300
3« Pregnant Women P.m.
Source DP Sura of Squares Mean Square P P
Regression 2 33*3141 17-6570 216*969 < 0*001
Deviations 197 16*1133 0*0818
Total 199 51-4274 0*2584
reason to believe that this is nol entirely true since the blood 
samples taken really represent only one point on a continuously 
changing’ duimal pattern* For this reason it was thought that the 
number of cigarettes smoked previous to sampling and the time since 
the last cigarette was smoked might be of more importance in determining 
the COHb concentration in a spot sample of blood# TIhe meat porters and 
office workers returned unreliable information on these two variables 
and so they were excluded from this part of the study# It was decided 
that the pregnant women would be questioned closely and prompted to 
supply this information so that a couplete set of reliable data was 
available on one of the groups* The more relaxed atmosphere of the 
ante natal waiting room, rather than the difficult situation of collecting 
samples from a working environment, also made the collection of data from 
the pregnant women more successful* fable 5*8 shows the correlations, 
of COHb concentration with these variables in order to see which variable 
was most closely correlated with 00Kb and also to calculate a regression 
equation which best fits these variables and their transformations#
' ffAKLB 5.8
Correlation of €GHb/» withs- r
0*81711 
0*78506 
0*07126 
0*55228 
0*67958 
0*57245 
0*65588 
0*65255 
0*69402
Ho* Cigs./day 
Ho. Cigs same day 
Hinutes since last 
x/Iimtcs since last 
(No. Ciffs/dey)2 
(Ho# digs same day)
(Mo# Cigs/day) x (Ho# cigs same day)
(Ho# Cigs/day) x (/Minutes since last)
(Ho# Cigs/same day) x (VHmtes since last)
The best regression equation to fit those variables is:
C0ilb/t « 1*0560 + 0*15627 No. Cigs/day + 0*55852 No. Oigs same 
day + 0*17885 v/Snutes since last - 0*01496 (No. Gigs seme day)^
- 0*00474 minutes since last - 0*01106 (Ho. Cigs/day x T^inutes 
since last).
The multiple correlation coefficient for this is 0*8962.
This regression equation is obviously complex and would serve no 
useful purpose in trying to estimate the COHb concentration at a point 
in time from a knowledge of the number of cigarettes per day * the 
number smoked previous to that time, and the length of time since a 
cigarette was last smoked. Indeed the correlation co-efficient of the 
number of cigarettes per day alone is almost as high as the co-efficient 
for the regression equation.
The time since the last cigarette was smoked bears little relation 
to the COHb level whilst the number smoked on the clay of sampling prior 
to sampling was quite well correlated.
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DlSCUSSion
Since it is proposed that cigarette smoking is the most important 
and widespread source of chronic exposure to carbon monoxide (p32) 
it is important to understand the factors affecting and determining 
uptake of CO from this source. It is important also to gain information 
on the nojEial concentrations COHb in smokers so that animal experiments 
designed to investigate effects of CO with relevance to smoking can 
reproduce nomal human exposure levels.
She COHb concentrations found in this study agree well with the 
general pattern of concentrations cited by previous workers. ihe 
non-smokers have mean COHb of between 0*11$ (pregnant women a.m.) to 
1*50$ (meat porters) with ranges from 0 to 2*7$. Hiis agrees well with 
those found by Lawther and Ccramlns (19?0) who quote a mean of 0*8$ and 
& range of 0 to 2*5/5 in London. These figures tend to be higher than 
that given by Kgeldsen (19&9) who found non smokers in Copenhagen to 
have mean levels of 0*4$. However it is possible that the close 
proximity of Copenhagen to'the' sea will result in lower ambient GO 
levels in that city compared to London. It is relevant here that the 
meat porters had higher non-smoking luvels than the pregnant women (a 
difference that was significant) and also higher than the office workers 
(& difference that was not significant), Hie highest levels found in 
any of the non-smokers was found in the meat porters* which might reflect 
their proximity to traffic exhausts and the semi enclosed nature of their 
working environment* although the office workers too were not far from 
street level and in the same area of London.
Ihe overall levels in cigarette smokers agree well also with 
previously published figures* although the: ' mean concentrations tend to 
be somewhat hi^ iex* than some* For example K,ieldsen foimd a mean
concentration of 4*2/5 and Lawther and Coranins 3*5$* In the present 
study only the pregnent women showed mean levels this low, the meat 
porters and office workers both being significantly higher. Goldsmith 
(1970) quotes higher concentrations, 3*8$ to 6*8$ depending on number 
of cigarettes smoked although-'these figures refer to inhalers. Hon-, 
inhalers had about 1*5$ COHb lower. Ho attempt was made in this study 
to distinquish between inhalers and .non-inhalers.and so the figures 
reflect an unknown proportion of each. It was decided not to include 
an assessment of inhalation, since it is probably not an all or nothing 
effect. different subjects are likely to inhale the drawn smoke to 
different extents, by mixing the smoke taken into the mouth, with fresh 
air subsequently taken iti'i.. thrcu# the nose. , Secondly, the subject 
himself is probably unable to determine whether or not or to what extent 
he inhales.
llany previous authors have determined that the mean COHb increases 
progressively with increasing numbers of cigarettes smoked, (e.g. Schrenk 
1942, Parmeggian.i and Gilardi, 1952., Goldsmith, 1970, hesoille, Truffert, 
Lebbe and Parent, 1962) • These studies have grouped the numbers of 
cigarettes smoked per day in the way presented in Table 3*5* A grouping 
such as this clearly indicates that the mean 00Kb increases with increasing 
numbers of cigarettes smoked. If the raw data is plotted, however, the 
scatter is so great that although an impression of increasing concentration 
with increasing smoking rate is obtained, the form of this relationship is 
unclear. (Figures 3*3 to 3*6)• This large scatter is undoubtedly produced 
in part by the very large number of variables which determine the uptake 
of CO from cigarette smoking. Hie question of inhalation has been 
mentioned and is obviously important. An objective assessment of 
inhalation would help to elucidate this variable. However there are 
other factors which are difficult to determine. Host people are uncertain
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of the precise number of cigarettes they smoke per day. Tne manner 
in which the person smokes is important in determining the 00 content 
of the smoke* and the length of cigarette consumed is important in 
determining the total dose acquired from a single cigarette* The 
type of cigarette is of importance also* especially the amount of 
tobacco it contains and its compactness. /ill of these unknown variables 
contribute to the amount of CO acquired from a given number of cigarettes* 
and hence the large degree of scatter. Despite the mathematical model 
being based on very simple considerations of reaction of haemoglobin with 
CO it produced a curve which fitted the data withe a high degree of 
significance. 'Ehis model* does however make use of numbers of cigarettes
per day* as the determinant of CO dose but since this produces an 
acceptable curve and since the correlation between numbers per day and 
COHb concentration is higher than v/ith m y  other measured variable 
(Sable 5.8}* it seems justified to use this as being equivalent to 
carbon monoxide dose.
The differences in slope and plateaus of the three curves present 
an interesting insight into yet another variable which affects the 
acquisition of CO from cigarette smoking. The meat porters reach a 
level of COHb after 20 to 25 cigarettes per day which increases by only 
a very small amount xxp to (theoretically) 80 per day. (Figure 5*5/5 A*d).
At 25 per day their COHb is likely to be 5/ whilst the plateau level 
at infinite numbers of cigarettes is only 5*9/ (Table 5.6). ’ihe pregnant 
women similarly shot/ a curve which by 25 cigarettes per day has reached 
a level of 4*5/ (Figure 5*5/5 A*b) whilst their plateau level at infinite 
numbers of cigarettes is 6*2/ ('fable 3*6)* Ihe office workers however 
show a considerably different pattern. Iheir COHb concentration rises 
steadily up to 80 cigarettes per day (Figure 5-5/5A* a) by which time it 
is 11$ whereas their theoretical plateau level is at 16/ ('fable 3.6).
It is -likely-that-these’differences arise frcm differences in
activity of the three groups* The meat porters were physically
active during their /smoking, and the pregnant women whilst not physically
active# may have had cardiopulmonary adjustments to pregnancy which
simulated activity (Cugell, 'Frank# Gaeneler et# al. 1955)* 3he office
workers were sedentary throu^out their smoking day#
Lilienth&l and Pine (1946) have shown that the following equation
relates increase in COIIh to the PCD# time of exposure and respiratory
mihute volume# : • ^
: HbCO « P00 x exposure time (tains) x
respiratory minute volume (litres/min) x 0*05
in cigarette smoking at high respiratory minute volumes, the PCO
is likely to he reduced by the greater volume of respired air, but whether
this is directly related is unknown# Por example if a doubling of the
minute volume resulted in a halving of the PCD then the resulting COHb
would remain the same.
Asmussen (1944) has produced the following empirical formula
describing the elimination of CO at rests-
COHb » COHb A X 0» n i
concentration and COHb is the concentration after n hours# -n
The -above formula is that of a decay curve in which the half life , 
may be used to denote its slope. The constant 0*85 produces a half life 
of four hours wMoh agrees almost exactly with the observation of 
Houghton and Root (1945)* However Pace, Strajman and V/alker (194B) 
found half lives of between 34 end 82 minutes and correlated these with 
age# The older the subject the slower was the elimination, anti observ­
ation which the auihwes suggested reflected the deterioration of cardio­
respiratory function with increasing age. ,
These considerations of uptake and elimination allow therefore a 
calculation of the likely uptake from a cigarette and elimination in the
85 where COHb , is the initial carboxyhaemoglobin
non-smoking period. for example applying hilienthal and Pine’s 
equation to a situation in which 400 p.p.m. 00 (0-G4/*) is contained 
in the alveoli for 8 minutes (assuming this to he an average time for 
smoking one cigarette), with a minute volume of 6 litres, one cigarette 
should result in an increase of C0Hb. SM's- is •almost exactly ■
that found by Bimstingl, Cole and Hawkins (19&?) in an. acute smoking 
experiment In which smoking 10 cigarettes raised the COHb concentration 
by 10*4^* However Parmeggiani and Gilardi (1952) found that after smoking 
2 cigarettes deeply inhaled ’there was a 6/'increase! whilst Itussell,
Cole and Brown (1975) found an increase of 0*?>" per cigarette. The 
uptake is unlikely to be affected by the number of cigarettes smoked, 
at least at low COHb saturations since the alveolar-blood gradient will 
be very high. It can be concluded therefore that each cigarette will 
increase the carboxyhaemoglobin by about 0 The reason this does
not build up at this constant rate is that the CO is eliminated again 
in the non-smoking periods. If it is eliminated according to Asmussen’s 
formula it can be calculated that, for example would fall to 0*77k*
after 82 minutes. This is the calculated time of the average non-smoking 
Interval of someone smoking 10 cigarettes per- day. at regular intervals.
If a second cigarette was now smoked adding a further COHb to his
circulation the carboxyhaemoglobin would be 1*73^ falling this time to 
1-38^ in the non-sraoking period. It could be assumed that after a while 
the amount taken up in the smoking period would equal the amount lost in 
the non-smoking period thus producing an equilibrium* Figure 3-7 shows 
the results of calculations based on the above considerations for regular 
smoking of between 5 and 58 cigarettes per day, assuming each cigarette 
takes 8 minutes to smoke. It can be seen that the resultant uptake Is
a curve which approaches equilibrium at the lower smoking rates, but is
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still climbing steeply at the higher rates. This curve assumes zero 
COHb at the beginning of the smoking day, which is likely to be far 
from reality. With a four hour half life a 10$ COHb at Midnight 
would result in 2*5$ COHb at 8 a.m. next morning. With considerable 
cardiopulmonary depression during sleep the half life is likely to be 
very much longer than this resulting in quite high residual levels in 
the morning.
The comparison of the morning smokers and the afternoon smokers 
suggests that these theoretical considerations are likely to be modified. 
The morning and afternoon smokers were only significantly different at 
low smoking rates (up to 10 per day) suggesting that smokers rapidly 
come into equilibrium after commencing to smoke in the morning. Only 
those smoking relatively few cigarettes per day are less saturated with 
COHb in the morning than in the afternoon. Those smoking more than 
10 per day have smoked sufficient in the morning to have reached equil­
ibrium before the afternoon. In reality, then, what is likely to occur 
is that the smoker starts off the day with relatively high carboxyhaemo- 
globin and quickly comes into equilibrium at a COHb level which is 
dependent on his smoking frequency (hence the number of cigarettes per 
day)-. Exercise (or other factorsihiluencing respiration) will modify 
this pattern to the extent 'that-with a large respiratory minute volume, 
the non-smoking elimination will be greater. If it is assumed that 
uptake is unaffected by exercise, then reference to'Figure 3*7 indicates 
that if the elimination periods had a steeper slojje the resulting 
plateaus would be lower. This then is the suggested reason for the 
different COHb concentrations for given numbers of cigarettes smoked 
between the groups.
The theoretical uptalee curves presented in Figure 3*7 agree well 
with the observed data on office workers who were at rest and therefore
equivalent to the conditions on which the calculations were based, 
fhe workers were sampled at 6 hours into-their working day. At 3&) 
minutes in Figure 3*7 the 10 per day smoker has between 2 and 3$ COHb, 
the office worker was seen to have about 3*2$*# at 20 per day the 
theoretical curves predict between 5 end 6$., the observed data shows 
3*5$* It is not known whether the high levels predicted by these curves 
build tip by the end of the day. There appears to be no data in the 
literature giving night time concentrations. It is unlikely however 
that they do reach such high proportions, since extension of these 
calculations suggests that a 60 per day smoker will have 34$ COHb at 
the end of the day. It is probable that the higher blood alveolar 
POO gradients at the higgler cerbcxyhaemogiobin concentrations will 
increase the rate of elimination above that predicted by AsmucDen*s 
formula.
lJ3ie observation that within the group of pregnant women those 
sampled in the morning had very low carboxyhaemoglobins compared to 
those sampled in tire afternoon may be a result of cardiopulmonary 
adjustments to pregnancy (Cugell, Frank, Gaenster et. al. 1953)*
It was suggested earlier that the half-life of COHb may be longer 
during the ni^ht because of cardiojsulmonsry depression. Pregnancy 
may be a special case in which this does not occur. If the half life 
was shorter in pregnancy then near zero levels would be possible in the 
morning. It appears to be unknown whether cardiopulmonary function is 
less depressed at night in pregnancy then in the non-pregnant state.
Further study on many of these points is necessary.
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e» Summary
Blood samples were taken from 20(5 pregnant women in the afternoon,
85 pregnant women in the morning, 77 office ?;orkers end 97 meat porters 
at comparable times in their working day, . Mathematical treatment 
of the- COHb levels in these samples together with details of the smoking 
habits of the individuals has given information on the relationship 
between COHb and numbers of cigarettes smoked''per day. It is suggested 
that when smoking at high activity levels, 00 elimination is sufficiently 
great to maintain a low OCMb despite increasing numbers of cigarettes 
smoked. Smoking at rest produces considerably higher 00Kb levels for 
similar numbers of .cigarettes smoked, A theoretical consideration of 
CO uptake and elimination is made and compared to the observed data.
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11. Haematological Responses to Chronic Carbon
Monoxide exposure
a* Introduction
Jaksch*s original oksejrvation in 188? that prolonged exposure 
to. CO resulted in polycythaemiahas subsequently been confirmed by 
several workers. (Beinhold 1904*, Parmer and Crittenden 1929.,
Sayers, Tent, Bevy and Pulton 1929*, Litsner 1930*# and Beck,
Roetman and Suter 1942) However as Humperdinck (1958) points out 
the increases in circulating erythrocytes described by these workers 
is within the normal range for erythrocyte counts and since the 
erythrocyte numbers are given without reference to pre-exposure 
numbers there is no evidence for suggesting polycythaemia. The 
examination of 154 traffic officers in the Hudson Tunnel by Sievers 
ivdwards and Murray (1942) has suggested that repeated or prolonged 
exposure to low levels of 00 does not result in an increase in red 
cell numbers or haemoglobin. In their study the subjects were 
exposed daily to about 70 p.p.m, and COHb concentrations were between 
0*5 and 13*1^. In 1932 the average red cell count Y/as 5*21 x 10^ /mrn^
Tihilst in 194! it was 5*20 x 106/mn3. Only 14 out of the 154
^ 2
individuals had red cell counts abofere 6*0 x 10 /mm . Similarly 
haemoglobin concentration averaged 14*38 before and after the 9 year 
exposure period.
Salkind (1929) exaMned the blood of a number of metallurgical 
workers, workers at a power station and pupils of a school for 
mechanics all of whom were reported as working in an atmosphere 
containing CO. The intensity of their exposure was not reported*
In this study although the average red cell count was about 5*5 x 10^/mm^
between 21% amd 31% if the exposed workers had counts above
6*0 x 10 /mm• In none of the work situations did counts exceeding
6*0 x 10 /mm occur in more than 5»B% of individuals;, if f the
individual was working in a non-contaminated atmosphere* In
one rolling mill the introduction of ventilation reduced the number
6 2
of individuals having more than 6*0 x 10 /mm red cells from 31%, 
to 12^ . ■
Sayers, Yant, Levy and Fulton (1929) experimentally exposed a 
group of six men to engine es&aust fumes mixed with air so as to 
give 2, 3 or 4 parts per 10,000 (200, 300 or 400 p*p*ra*) of carbon 
monoxide* Ihe men were exposed for 4 to 7 hours daily for 68 days.
In 5 out of the 6 subjects haemoglobin content had increased by the 
end of the exposed periodf the greatest increase being 20%, Bed cell
6 7tnumbers had also increased by up to 1 x 10 cells /war in 4 out of the 
6 subjects* Iheae subjects were exposed to other constituents of 
engine exhaust and these recorded changes may not have been entirely 
due to carbon monoxide,
Killick (1936) repeated this experiment using a single subject 
but using pure CO in air* Exposures were repeated at 4 - 7 day 
intervals over a period of almost 4 months. She found no increase 
in either haemoglobin or red cell numbers* Killick’s exposure 
regime was very intermittent and the use of a single subject would 
make the validity of her findings questionable*
Killick (1948) quotes the work of Karasek (1909-1912) who,also 
found an increase in haemoglobin and red cell count in men whose work 
involves regular or frequent exposure to carbon monoxide* Karasek 
has reported red cell counts as high as 9*68 x 10^/mm^ in such situations 
but noted that the red cell counts show a much greater ©ise than does 
haemoglobin*
A polycythaeraic response to prolonged CO exposure io 
not invariable. Fnere are several reported cases of anaemia 
following CO exposure although the intensity of exposure has 
rarely been reported (Brieger (1944), Beck and fort (1924) and 
Berger and Grill (1956) report a blood picture in some oases 
resembling pernicious anaemia after chronic occupational exposure 
to carbon monoxide. Hiey suggest that in some individuals under 
some circumstances depression of the bone marrow ( and other blood 
forming organs) may follow CO exposure.
Little attention has been paid to the reaction of the white 
cells during prolonged CO exposure although some reports do 
Indicate an effect. Sayers, Yant, Levy and Fulton (1929) io 
their experimental exposure to engine exhaust found no significant 
changes. Tschezkess, Dounaievski and Karpenko (1934) found 
occasional moderate changes towards a leucocytosis but no consistent 
effects.
Hasmith and Graham (1906) found a significant leucocytosis 
in Guinea Pigs with 45/ COHb levels after exposure. fXhey found 
that for 3 to 4 hours after placing the animals in CO no changes 
occurred but after that the total count steadily rises. She 
differential count changes so m  to produce a relative increase 
in the granulocytes of bone marrow origin and a decrease in the 
proportion of cells of lymphatic origin. Ameth end Albacht 
(1927) reported a similar leucocytosis with a shift in the 
differential count towards the myelocytes. Barker (1933) in 
reporting a case of CO poisoning from a faulty oil stove noted a 
leucocytosis with 94/ polynuolear granulocytes. Van Oettingen
(1944) quotes several authors who have reported similar leucocytoses# 
Klein (1924)« Kuntzen (1931) Supfle, Hofmann and tiay (1933)»
Sanger and Gilliland (1940) end Koeechlin (1939)* Von 
Oettingen also cites Valchera (1936) who noted a leucocytosis 
in rabbits*
An increase in leucocytes 'is also associated with cigarette 
smoking. Howell (1970) in a study of 2,485 males found a highly 
significant difference between the white cell counts of his 
smokers and of his non-smokers (7568 - 2312 and 5950 ~ 1600 
respectively) • Vos-Brat an&Rumke (I9C9) have also demonstrated 
a significantly greater leucocyte count in smokers. *JSie leucocytosis 
associated with cigarette smoking appears not to have been character­
ised and it is clearly difficult to say what contribution carbon 
monoxide plays in its aetiolo^r.
Cigarette smoking is not lnvh!riably associated with changes 
in haemoglobin and erythrocytes. Walters (1934) studying 100 
healthy male University Students found no difference in red cell 
count or haemoglobin between smokers and non-smokers, {sshrenk 
(1942) similarly found no differences in red cell count or 
haemoglobin in 41 smokers compared to 21 non-smokers. Conversely 
Elsen and Hammond found that acute smoking by 24 non-smokers
increased the haematocrit from an average of 41*5 to 43*4/ the
6 , 3 6 / 3
red coll count from 4*55 x 10 fxmr to 5*14 x 10 / m y m d  the
haemoglobin from 14*0 to 15*1 g/100 mis. Habitual smokers had
consistently elevated values for these parameters which were seen
to fall abruptly after cessation of smoking.
Polycythemia has been found consistently in experimental 
animals exposed to 00. Nasmith and Graham (1906) reported an
6 / 3increase in red cell numbers from an initial 5*88 x 10 /mnr
g 2
(mean of 6 female guinea pigs) to 7 *96 x 10 /mm after one month
with a 00111) saturation of 25/’. If the COHb saturation was
6 / 3maintained at 55/ the final count was 9•53. x 10 /ram . Haemoglobin 
increased from 86/ to about 105/ when maintained at 25/ COHb.
A second group of six male guinea pigs showed identical changes. 
Campbell (1929) showed similar increases in the rabbit and essentially 
the erne response has been noted in the dog ( Supfie, Hofmann and 
May (1933)# Brieger (1944)# Wilks, fomashefski and dark (1959)» 
rats (Williams'and.Smith 1935# Corbatow and Horo 1947) and mice, 
(Killick 1937# Campbell 1934# Clark Otis and Leung 1949)* Bogaert, 
Dalleraagne end Wegria (1938) exposed a monkey (Maeaeus rhesus) to 
daily exposure to carbon monoxide bo m  to produce 30/ COHb in one 
hour. After six months no changes in haemoglobin or red coll 
count were seen. 'JMs result is an unusual finding and may be 
due to the intermittent nature of the exposure (of Killick 1936).
In many of the animal experiments exposure has been either 
to very high levels for long periods (eg. Jlasmith and Graham, 1906, 
Williams and Smith, 1935# Campbell, 1529~30, 1934# Brieger, 1944#
: Wilks et. al. 1959)* to high levels for short intermittent periods 
(eg. Bogaert, Balleraagne and Wegria, 1938, Gorbatow and Horo, 1947) 
or to moderate levels (below 20 - 30/ COHb) for continuous periods.
(eg. Killick, 1937# Bimstingl, Hawkins and KciSwen, 1970). Less 
attention has been paid to continuous exposure to low levels of 
CO. Astrup, KJ'eldsen and Wanstrup (1966) noted an increase 
in Haemoglobin in the rabbit of about 2g/lOQral. after 5 weeks 
exposure to 170 p.p.m. (15#1/ COHb). made no observations
on red cell count. Sfupfel and Bouley (1970) exposed mice and rats
continuously to 50 p.^.m. CO in air (no measurements of COHb were 
made) and found no significant differences in haematocrit, red cell 
count# platelets, or wh&te cells between the exposed group and a 
control group after three months*
In the rat Boussel, Stupfel and Bouley (1969) have shown 
barely significant increases (p> 0*10 to 0*15) in haemoglobin, „ 
haematocrit and red cell counts after 5 months continuous exposure 
to 50 p.p.m. CO* Musselman, Groff, Yevich, Wilinski, Weeks and 
Oberst (1959) exposed rats, rabbits and dogs to 50 p.p.m. CO in air 
continuously for 3 months and amongst other observations noted that 
the rats and rabbits showed no significant changes in haemoglobin, 
haematocrit or red cell count after this time. However, the four 
dogs exposed did show significant changes. fhere was a 12f* increase 
in haemoglobin, and a 1G^ increase in both red cell count and 
haematocrit* Bckardt, Linden, MacFarland, Alarie end Busey (1972) 
exposed nine cynomolgus donkeys to about 20 p.p.m. CO and a further 
nine to 65 p.p.m. for 22 hours per day, 7 days per week for 2 years*
In that time they detected no significant differences in haematocrit, 
haemoglobin or red cell count compared to controls.
It is evident from several studies that changes in haemoglobin 
and red cell numbers appear to reverse if the exposure is continued for 
a prolonged period. Brieger found that the haemoglobin and red 
cell numbers in his dogs reached a maximum after six weeks but after 
nine weeks exposure they had returned to the pre-exposure levels.
Again in the dog Wilks et. al. (1959) noted a fall in the red cell 
numbers but only after 36 weeks exposure. Killicte results also 
indicate a decline in red cell numbers after an initial rise although 
the time course of these events is difficult to determine in her 
experiments since she raised the CO concentration at intervals 
throughout her experiment. If this reversal of the haeraatological
changes is true then experiments in which changes are noted 
between prolonged time gaps (for example three months - Stupfel 
and Bouley 1970) way well mask events which occurred within that 
time.
The present study was undertaken to determine more closely 
the changes in haemoglobin and red cell numbers and to determine 
the significance of such changes in relation to the problem of 
acclimatisation to chronic low level exposure. Changes in total
white cell counts have been noted incidentally.
1). Methods
A. Bxnoeure
Four rabbits (3 months old end about 3 Kg. body weight) were 
placed in individual cages in the exposure chamber. Food and 
water was available ad -libitum. They remained undisturbed except 
for daily feeding and cleaning for two weeks to adjust to their 
new diet and surroundings, before the experiment began. 0*5 ml* 
blood samples wore then token from m  ear vein into a 1 ml. syringe*
A heparinised capillary was filled from this syringe and sealed for 
carbGxyhaemogl obin determination end the rest was transferred 
immediately into a small capped vial containing 2 mgs. Sodium 
Fluoride and 2 mgs. Oxalic acid in dry form. This obviated any 
dilution errors from using a liquid anticoagulant. Blood samples 
were always removed within one minute of removal of the animal from 
the chamber. The error involved in this del Ay in any possible 
reduction in COHb concentration was estraiaied in four rabbits by 
determining the decay of carboxyhaemoglobin over the first 10 minutes 
of removal to room air. The results for rabbits at the beginning and 
at the end of their exposure period is given in Figure 3*0. The 
decay over the first minute amounts to about 1$ COHb and so carboxy- 
haemoglobino were determined at one minute and three minutes and 
extrapolated to time sero. Samples were taken in this way from day 
0 to day 13 at 2 or 3 day intervals. After the blood samples were 
taken on day 13 the carbon monoxide was switched on so as to give 
200 p.p.m. in the chamber. This was maintained at 200 p.p.m. - 10 
p.p.m. except for short periods each cay (about 20-30 minutes) during 
which time the animals were cleaned and fed. Exposure was maintained 
from day 13 to day 30 after which observations were continued for a 
further 12 days with no carbon monoxide in the chamber.
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Figure 7).8 Decay of carboxyhaemoglobin on removing'
rabbits from exposure chamber at 200p.p.m.
!. A few confirmatory experiments were later run in which the 
exposure period was reduced,
B. Carboxyhaemoglobin estimation
Carboxyhaemoglobin was determined on the day of sampling by
the method of Comtains and Lav/ther. (p,6l)
C. Red Cell Count
R e d  cell counts were made using the “Gelloscope 401” particle 
counter. An initial dilution of the blood 1 in 200 was made using 
cell diluting fluid (Sodium Chloride 9g» 40/? Formalin 10 ml, ,
Distilled "water to 1,000 -ml,),"’ A further dilution of 50 microlitres 
o£ ohis solution in 20 mis. of diluent v/as made before counting.
The celloscope was calibrated for rabbit red cells by the method 
recommended by the manufacturers (Carl Lun^berg and Co. Ltd, ,
Stockholm, Sweden).
Triplicate counts v/ere taken on one dilution of the blood and
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these were, within 0*05 x 10 /mm of each other, Where' greater 
variation than this occurred, further readings v/ere taken until a 
consistant result on three conseguetive readings, was obtained,
Repeatability on two different dilutions of the same blood sample was 
within - 0*15 x 10 /mm . The cumulative measurement error was therefore 
- 0*20 x 10 /mm and was a consistent error within the range of red cell 
counts investigated (4*15 - 7*65)* At cell counts of 5*0 x 10 /mm this
represents a 45^  measurement error. Blank readings were taken using fresh
diluting fluid and the reading subtracted from the red cell count. Diluting
fluid was filtered several times through railiipore filters until blank
... . v * '  ' :3 \
readings of less than 5 particles per count (= 0*05 x 10 /mm ) were obtained.
D. Red cell size distribution
Red cell sizes v/ere determined using the ”Cello3cope 401” particle
counter. Por this the diluent was 0*1 1,1 KH^PO^, 113 ml., 0*1 II RaOII,
93 ml., 40^ Formalin25 ml. adjusted to pH 7*35 with either 0*1 M NaGH 
or 0*1 II Hcl. 20 illcrolitres of blood was added to 4 ml. of diluent 
and stirred,, 50 microlitres of this solution was then transferred 
to a beaker containing 20 ml. of diluent. Cell counts were made 
at 12 different discriminator settings corresponding to twelve cell 
diameters, the calibration of which is given by the manufacturers.
’ F. White cell count ' .
Vdiite cell counts were made using the Celloseope 401 particle 
counter and an initialsdilution of whole blood of 1:200 in cell 
diluting fluid (Sodium Chloride 9g> > 40/ Formalin 10 sE., Distilled 
water to 1,000 ml.). Subsequent.dilution* for counting was made by 
adding 4 ml. of the 1*200 dilution to 12 ml. of white cell reagent.
(2$ Cetrimide 25 ml., Glacial Acetic acid 5 ml«* Sodium Hitrite Ig,
Cell diluent 970 ml.).
The white cell calibration was reset for rabbit white cells by 
the method recommended by the manufacturer. (Carl Lunfberg and Co. Ltd., 
Stockholm, Sweden).
Triplicate counts were taken in the same way as for red cells, 
'Oonsequetive readings on the same dilution fell within -2counts 
( s  200 cells/mm^). Repeatability on two different dilutions of the 
same blood sample was within - 4 counts ( ~  400 cells/mm^), at cell 
cotints, of about 10,000 x ICp/m?* At cell counts of 20,000 x X(P/m? 
both of these errors was doubled. The cumulative measurement error
a 4. 3
was therefore - 600 cells/mrir at counts of 10,000 and -1,200 cells/mm
at counts of 20,000. The: represents a 6$ measurement error•
Piltiting fluid was filtered several times through millipore
filters until blank readings of less than 10 counts were obtained. 
x
(■ s  1,000 cells/mnr ). Because of the :* ncreased sensitivity of the 
counter when counting white cells, blank readings of less than this 
were rarely achieved. This represents a large proportion of the
final count (5 - 10/) although the final error should he noglieille 
as the blank readings were subtracted from the cell counts.
F. Haematocrit
Packed cell volumes v/ere obtained by a micro-haeinatocrit 
technique. A capillary tube filled with the blood sample and 
sealed at one end was centrifuged at 000 r.p.m. in a bench 
centrifuge using s micro-haeraatocrit head. 15 minutes centrifugation 
under these conditions m m  found to be optimum* further centrifugation 
failed to achieve any further packing of the cells and centrifugation 
for longer than 25 minutes began to produce haemolysis. The capillaries 
were removed and the height of the packed red cell column and of the 
total contents of the tube were measured by laying the tube on 
centimetre graph paper. The height of the cell column expressed 
as a percentage of the total column height (cells + plasma) is the 
'p haematocrit. Duplicate capillaries were centrifuged from each 
blood sample end results were within -0*5$ haematocrit of the 
mean. Duplicate samples differing by more than were repeated,
G. Haemoglobin Concentration ■
Haemoglobin was determined as oyanmethaemoglobin end measured 
using the Beckman DB.GT Spectrophotometer* (Brabkin and Austin, 1932)
0*02 mis. whole blood was diluted into 4 mis. of Brabkins reagent 
(prepared from commercial tablets (Diagnostic Reagents Ltd.)) This 
was allowed to stand for 10 minutes and the optical density was read 
at 340nM using a 1 cm. cuvette.
Standards containing 3 and 18 g/ haemoglobin wore used to 
derive a standard curve from which the measured Optical Densities 
were converted to Haemoglobin concentrations, (Figure 3*9) The 
Standards wore determined from iron analysis and were commerically 
obtained (Diagnostic Reagents Ltd.),
Samples were read against a blank containing fresh Drabkins
The main derivatives of Haemoglobin (Oxyhaemoglobin, reduced 
haemoglobin, methaemoglobin, sulphaemoglobin and carboxyhaemoglobin) 
are all converted to cyanmethaemoglobin by this method and measured 
'as total (no necessarily functional) haemoglobin (Dacie and Lewis,
Duplicate readings on the same dilution showed no differences.
of the mean. No differences were found in this erx'or within the 
range of haemoglobin con central ions investigated (9 - 17 g/&)• At
10 gfo this represents a possible measurement error.
Ho Mean Corpuscular Volume 
Mean Corpuscular Volume (i.TCV) was calculated as followse
MCT = HAematoeril i --------------  , x 10 5)
Red cell count (in Mill ion/mm )  -
I. Average Corpuscular Haemoglobin Content 
Average Corpuscular Haemoglobin Content (ACHC) was calculated 
as follows*
J. Statistical analysis 
Tables given in the results presenting the raw data also include 
means and standard deviations for the four rabbits on each observation 
day. The experimental situation involves variation between rabbits 
on a single day and also variation through time. Some of this time 
dependent variation is produced by the exposure to CO, some is due 
to day-to-day variation of unknown origin. The statistical problem 
is to determine the significance of changes through time as a result 
of CO exposure, compared to the variation resulting from rabbit to
1970)
+
Duplicate dilutions of the same blood sample were within - 0*2
ACHC
Haemoglobin g/l. (picograms/cell)
Red cell count (in Millions/mm-
rabbit and day-to-day differences. In order to do this a
series of two-way analyses of variance have been performed
on each haematological variable. A two-way analysis 
of variance v/ithout replication was performed on the CO exposed
group, firstly in the control (pre-exposure period) and secondly
in the exposure period. The first analysis determines the significance
of the variation bet ween rabbits and from day-to-day in the pre-exposure
\
period. The second analysis, the significance of variation through 
time in the exposure period. If CO has a significant effect then 
the P values in the exposure period should be considerably higher 
than in the pre-exposure period.
The second control employed was a similar-sized group of animals 
housed in the chamber for a similar length of time but with no CO 
exposure. A two-way analysis of variance without replication was 
performed on these results, firstly in what was equivalent to the 
pre-exposure period in the CO exposed group and secondly on what was 
equivalent to the exposure period. Again the Pvalues in this group 
should be considerably lower than inthe CO exposed group during 
exposure.
The second analytical approach was to set up a two-way analysis 
of variance with replication in which the rows consisted of either 
the CO exposed group during the exposure period or the control group 
(during the equivalent time period). The columns represent time and 
the interaction is a measure of the effect of time on producing the 
differences between the two rows (i.e. CO exposed compared to controls).
Where some data is missing in the tables, the entire row was 
omitted from the analyses of variance.
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Figure 3.9 Haemoglobin, calibration curve. Cyanmethaemoglobin 
measured at 540 nM.
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■ c« Kormal Values
' 'Published normal. values in the rabbit for the hneraatolo^ ical 
parameters under consideration are as follows* .
Kean •*•. range* .
(Altxean and Bittmer*. 19£l). : :-
.Haematocrit'' 41*5 (55 * $0) $
Red cell count 5*7 (4*5 —  7*0) x 10 /m*
Write cell count 9*0 (6-0 - 15-0) x
Haemoglobin Concentration 11*9 (8*0 ~ 15*0) g/100 mis. blood*
!OT .  ^ -V^ • &  (€0.-68) /  ^  - ' -
ACHC 21 (19 - '2j) picograms/cell*
111
d. He,gill is
fables 3*9 to 3*57 
Figaros 3*10 to 3*17
Haematocrit. (CO Exposed^.
Standard
Bay Event H aem atocrit (<ffi R abbit N o ;- Mean D e v ia tio n
1 2 3 4 X
0 Control Period 31.50 34.50 3§.50 35.65 34.54 2.18
2 30.07 33.76 36.02 36.23 34.02 2.86
5 30.19 33.33 36.36 34.55 33.60 2.59
10 36.36 27.86 36.36 30.36 32.73 4.31
13 CO on after 38.21 32.50 41.07 41.07 38.21 4.04
sample ' ' '
15 35.10 28.50 31.67 29.51 31.14 2.96
17 37.04 §6.80 46,15 40.42 40.10 4.36
20 41.10 40.80 ■ (§2.00) ■ .49.30 ■ 43.30 4.O3
2? 45.70 49.30 52.80 47.20 48.75 3.07
24 42.90 42.30 52.10 46.50 45.95 4.50
27 43.30 43.60 50,70 46.10 46.42 3.59
29 49.20 55.56 61,11 57.14 55.75 4.95
31 39.44 37.50 46.48 42.86 41.57 5.95
34 37.00 ™ ~  41.00 38.00 38.66 2.08
36 37.14 32.11 42.02 37.70 37.24 4.06
38 CO off after 36.60 36.60 40.60 40.00 38.45 2.15
sample
43 37.14 39.40 44.30 40.90 40.43 3.00
45 37.88 44.80 45.50 45.10 43.32 3.63
48 31.43 36.62 39.44 37.15 36.16 3.38
50 (21.10) 38.80 43.50 38.80 35.55 9.88
rnji7rr  ^-f
J. igMXH'WiKg
Ilaeraatocrit ( Control) .
Standard
Bay Event H aem atocrit (*;') R abbit M o:- Mean ' D e v ia tio n
5 6 7 8 X
0 36.50 38.57 56.62 35.00 36.67 1.46
2 35.00 40.58 35.00 37.00 36.89 2.63
7 35.40 37.10 34.04 37.59 36.03 1.63
9 37.00 42.86 - .« 39.93 4.14
12 36.00 37.14 33.10 41.00 36.81 3.27
14 35.20 33.33 32.51 33.82 33.66 1.20
16 35.50 32.86 31.43 33.33 33.28 1.68
19 36.80 41.00 40.00 41.51 39.82 2.11
21 58.00 34.78 39.13 38.13 37.51 1.08
23 37.00 38.58 38.70 40.00 38.57 1.22
26 36.80 33.33 36.49 36.95 35.89 1.71
28 56.50 34.30 38.60 38.60 37.00 2.05
30 37.00 38.65 39.05 42.31 39.25 2.22
35 3”.00 58.83 39.35 38.68 38.71 0.56
37 37.50 35.58 37.50 38.46 37.2 6 1.21
41 37.80 36.54 36.47 38.46 37.31 0.97
Source of Variation DF Sum of Mean Square F SE p
Squares
Rows. = days 4 71*937 17*937 2-393 1*731 > 0*05 NS
Columns = rabbits 3 73*810 24*603 3*283 1*935 >0«05 ITS
Error 12 89*924 7*493
CO exposed (exposure period 2f day 13-38)
Source of Variation I)P Sum of Mean Square F SE P
Squares
Rows = days 9 1683*4894 187*0543 26*9871 1*1773 < 0*001
Columns = rabbits 3 256*5942 85*5314 12*3399 1*8d16 <0*001
Error 27 187*1438 6*9312
Control group ( control period 1, day 0-14)
Source of Variation DF Sum of Mean Square F SE P '
_________ Squares__________________ _ __ _____________ ___
Rows = days 4 29*4461 7*3615 2*5050 *M887 >0*05 ITS
Columns = rabbits 3 29*5877 9*8625 2*8202 1*3223 >0*05 NS
Error 12 41*9641 3*4970
Control group ( exposure period 2, day 14-41)
Source of Variation DF Sum of Mean Square F SE P
  ____  Squares    ________
Rows = days 9 127*3161 14*1462 6*8741 0*6415 <0*001
Columns = rabbits 3 26*1153 8*7051 4*2301 1-0145 0»01<P<0*025
Error 27 55*5628 2*0578
' 2j19' I;aX  qsaiyo&s .;o€.- variance with replication, 
v 1» iiaematocrl.t.: 'iC6;AT)nrin;; ;<KJ exr/osod/'ayid 
control ^roana iUiv'bAh:o3c~DOnnre;-'DQrloda (thy 
■ 15° 38 Cl c:~t?^ cc A . f day 14 ° 41 con »-rol).
Source of Variation iV tfcrr* of • Squares • , '-n v-
iiev.'s -  GO c p . o r  
c o n t r o l
Column = Dnya 9
Intcr'ciioa 9
Cell 'Error,;; ,< ,;:60
504*5455
.1168.4756
; 642*4177 
- 525.4165
8' *-ysy.;'-■' 66»7525,<0.601
125.8304 
71*5797
i>7569
14*8260 ,<0.001 
•;8*1512:'< 0*001
Figure 
3.10 
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Haemoglobin* f CO l&tnosed) .
Standard
Hav Event Haemoglobin R abbit No;~ Mean D e v ia tio n
!■' . ' 2; 3 4 x
0 Control period 11 * 9 9.5 11.0 9.9 10.57 1.09
2 11.9 9.3 10.9 9.8 10.47 1.16
5 11.4: 8.9 10.6 9.7. 10.15 1.08
10 12.2 10.4 12.7 9*9 11.30 1.35
13 00 on after 
sample
13.0 io.b 13.2 12.8 12.25 1.50
13 16.3 11.0 15.8 12.0 13.77 2.66
1? 13.0 10.9 14.9 12.8 12.90 1.63
20 . 14x9 11.6 (16.2) 13.5 14.07 1.87
22 13.0 11. i 12.2 13.1 12.35 0.92
24
. ' ■■' * 14.0 11.5 18.0 12.8 14.07 2.81
2? Ip* 2 11.4 15.2 14.6 13.60 1.68
29. 14.6 12.0‘ 16.5 11.8 15.72 2.24
51 16.6 15.4 17.0 15.7 16.17 0.75
34 : '. ■■ •• . 16*2 17.4 16.8 16*80 0.60
56.;....------1,- — 9^4r- 14*2 12.0 12.80 2.41
30 00 off after 
sample
11.8 13.1 13.1 12.7 12.67 0.61
43 11.6 14.0 14.1 15.1 13.70 1.48
45 11.3 13.4 14.1 14.9 13.40 1.54
40 11.0 12.0 16.1 14.1 2.27
50 11.0 13.4 13.1 13.6 12.77 1.20
s m s  3*14
. Haemoglobin. (Control*). •
Standard
Day HSvent HaeinogloMn (&*$) B abbit N o :- Bean D e v ia tio n
5 . 6 7 ■ 8 X
0 10.8 10*9 ■ ■ 9*7 9.1 16.12 0.87
2 10*6 10.5 9*2 9.4 9.8? 0.68
7 : 10.0 9.6 8.0 8.7 9.07 0.89
9 10.5 ..9*5 «a» - 10.00 0.71
12 10.2 8.9 9*2 10.0 9.57 0.62
14 - • 9*8 ■ 9*0 8.9 9.0 9.17 0.41
16 10.2 9*7 10.4 10.2 10.12 0.29
19 10.8 10.7 9*7 11.0 10.55 0.58
21 10.7 10.8 10.9 10.5 10.72 0.17
23 10.5 10.8 10.6 10.2 10.52 0.25
26 10.2 11.6 • 11.5 10.8 11.02 0.65
28 ■ 10.0 10.3 10.4 9.7 10.10 0.31
30 10.0 10.2 10.9 11.8 10.72 0.81
35 9.9 9*6 ’■ 10.8 10.6 10.22 0.58
57 10.0 10.5 10.0 11.5 10. 50 0.70
41 10.2 ; n.4 10.4 12.3 11.07 0.97
■Stop v/ay analyse^ of variance without rdpXidatien 
,'2* ^ aenmglobiiu: '■ " hP '::C
Source of Variation DP Sim of -
-■-■Squares ■ -
Mean Square ■ F . ■ ■"■■■sis' ■:'
■ V .  p  .
■:Hows = days p, a D 4 11*2750 2*818? 8*0803 0*3758 0*C01<?<0*005
Columns » rabbits \ 3p 19*2920 6*4326 18*3946 0*4180 < 0*001
Error D.. 12 4* 1970; ■ ;D*3497 ■
C O -exposed (exposure period 2»-dayJ3-38)
Source of Variation ■ DF 8 m ; of 
Squares
Mem Square P . SE .. p ■:
Rows ~ days ■J;'42*6960 ; 4*7440 1*9260 0*7010 ->0*05 iis'
Columns a rabbi to ' 3“ _■43*6690 ; 14*6690 5.9097 1*1097 < 0*001
Error 27 66*5060 2*4631
Control tfroup ( control -period 1, day 0-14)
Source of Variation BF •Sura of
Squares
Keen: Square' P .■ : SB ' ;■ p ■
Sows = days-' 5" :'2*4475 ■’ .0*8153 2*7532 0*3848 ■ > 0*05 H3
Columns *= rabbits 5/ 4*6025 1*5541 5*1775 0*3840 0*025
Error . -.9 ■ 2*6675 0*2965
Source of Variation. DP Sum of 
■ ■ ' Squares
Heaa Square ■ P SE
Hows = days 
Columns as Rabbits 
Error
10 11*1736
3 1*3001
30 -11*8499
1*1173
0*4355
0*5949
2*3293 0*2679 0*025<P<0*01 
1*0972 0*4442 >0*05 I?3
: Soured Variation ■ BP Sum; of  Squares : h h g; Sqtiaro . F
Rows = :C0 expo or • I  -: '- 200074.3 - ■ 200*0763' . . 87*5262
control ;
Colimin;.) -  0)ay3 ■ ' 9  0 ,  . 7 *6 0 3 1  . .0*3514 0 *3 7 2 4
' I n t e r a c t i o n  • •• . 0 0 "  .2 9 *0 1 02 ". D O  3*2235 - 0  1*4100
C e l l  E r r o r  ' ■ ' 60 1 3 7 *1 5 7 5 . ' 9 "  0 ;  2 *0039- : ; -
< 0*001
> 0 * 0 5  :•£
. > 0*05 . h.
Haemoglobin concentration (g%)
H to
H
in
H
O'
4CD
co tu 
C+ P 
p CDB 3 P, o 
p CR} 4 i—1
p  o  cf
p, H* 
CD 2  
<
H* O 
P O c-t- P 
H* O 
O <D
P P
CO cf 4
Ct? p 
H* c+- <• P- 
CD O 
P 3
H* /^ N
» ^  
c4- p .
cr* _ M S 
CD O 
Cfl P 
P
V>J CD
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Vjsl
to -
o-
o-
ln_
SABUL1*12
Red C e ll Count (CO Exposed)
■ r z Standard
Rav Invent R. C. C, (x 10 /mm ) R abbit Ko:» f/*ean D e v ia tio n
■ 1 " 2 3 4. . x .
0 Control Period 5.45 .5.60.; 5.40 5.51 5.44 0.12
:€
2 5.2 4 5.21 5.25 4.92 5.15 0.15
3 5.55 5.85 ■' 4.95 5.44 5.44 0.57
10 5.85 5.51 , 5.78 5.67 5.65 0.24
13 00 on after 
...sample'
6.67 5.26 5.87 6.48 6.07 0.65
15 4.77 4.15 5.46 4*47 4.71 0.57
17 6.74 6.97 5,64 6.04 6.28 0.57
20 7.26 5.90 (7.02) 5.98 6.58 0.76
22 1 6.62 5.80 5.50 6.08 6.00 0.47
24 5.80 6.12 6.14 6.28 6.08 0.20
27 6.90 6.18 6.70 7.50 6.79 0*46
29 6.84 6.55 6.80 6.96 6.75 0.27
31 7.21 5.91 6.58 6.56 6.46 0.54
34 7.55 - 7.10 6.78 7.07 0.28
56 6.45 6.56 6.08 6.58 6.41 0.25
58 00 off after 
sample '
6.70 6.48 6.29 (5.88) 6.49 0.20
43 6.70 6.10 6.61 7.59 6.75 0.61
45 5.74 6.59 6.81 7.65 6*64 0.79
48 5.54 5.70 7.05 6.52 6.20 0.71
50 6.40 6.26 (4.51) 7.28 6.64 0.55
Bed Cell Count (Control
s ~ , Standard
Bav Bhrent B.C.C. 16 /mmr) B abb it Ho:-  Mean D ev ia tio n
5 : ; 6 . 7 " . 8 _ ; X
0 . ■ ;■■■■■ 5.96 6*00 6.32 5.28 5.89 0.45
2 " : 5.58 5.74.. 5.47 5.45 5.56 0.13
7 5.65 5.71 5.57 5.91 5.71 0.14
. 6.20 6,15 - 6.16 0.05
12 • 5.96 6.65 6.74 6.82 6.55 0.39
14 5.40 6.59 5.54 5.90 5.75 0.49
16 5.55 5.51 ': ; 5.39 : ■ 5.57 5.55 0.03
19 5.80 5.98 6.50 5.72 5.95 0.26
21 5.75 5.95 5.94 6.09 5.95 0.14
25 '5.50. 5.75 5.55 6.09 5.67 0.32
26 5.71 457 5.90 5.26 5.01 O.46
28 V;.' 5.85 : 5.97 5.76 5.87 5.66 0.09
50 ■ 5.90 ' 5.58 5.20 6.03 5.63 0*40
55 ;■ 5.40 5.55 5.71 5.55 0.15
57 :'5.73~ . 6.00 5.21 5.95 5.72 6.36
:TABLE-3*19 f 
■ -'-rB?o way analyses' • of. variance without-replioatlon 
v5« Hed cell count
Source of Variation •■BE:'Sua of
Scmaros
-Heart, Square- F ; . SB. ' P :
Kov/s « days. 1*8582 0*4645 : 3*4356 0*2323 0*025<F<O*C
Columns = rabbits 3 0*5051 0*1017 0*7522 0*2600 >0*05 US u
: Error . 12 ,1*6233 ■ 0*1352
CO eicposed (ex^sure period 2, day 15=58).
"Source of Variation - VyT*•: JJi c p of; .
J mares: ■
Fean Square- ; F /; f'yrt ■■fciiii. a; P
Hosts « days - - S ’ 12*6860 1*4095 7*0936; 6*1992 <0*001
Colunno «.rabbits ■ ■ -3 : 1*2872' ■ 0*4290: ' 2*1590 0*3151 > 0*05 ¥-0*ITU
Error 27 5*3664 0*1907
Control &roup ( control period 1* day 0-14)
Source of Variation w Sum .o f ■ ■ 
Squares
■ . He an Square 'F ''SB p
Hows a . days ■ 3 2*2505 0*7435 6*8336 0*2332 0*01<F<0*0
. Columns =s rabbits : 3 0*1733 0*0577 0*5303 0*2332 >0*05 HS ■
Error - : 9 ,. 0*5798 0*1088.
Control fcroim ( exposure period 2* day 14-41
Source of Variation DF . Sue :of
Squares
; Mean Squarei P : P
Hows = days 9 1*1756 0*1306 1*3381 ’0*1396 >0*05 MS
Columns = rabbits 3 0*5139 0*1713 1*7331 0*2209 >0*03
??£*♦x*J>
Error . 27 2*6371 0*0976
5.20
!Tv/o ro.y ^ la ly o lo  o f .-yai»ic:r>o6 ;; - th >ic?>
lied cell eQxaitm ■. Ckyaparitt;-; OX oz-.fv on aru" 
contro l ^onps throiv-rh exTrosure period •..clay'-"
• -13.-33 CO • Gyixibhed., :•. 1 4~41 - control', i). •
X ouroe o l1 ,yga*i.-:.tlon IX  /. X n r  o f  o-m ares- I e-r: r x i r i r o  . 1 • . - P .
•■'. Hov/s.» CO e rp , o r  - -1 5 *4034- ' ; 5*4034 ■ 53*7415
c o n tro l ' / •.
' X o lirm s =s jBaysr.; 9 6•5008 . . -JO *7.765 - '4*0470
■ Xjyfcer no tio n . ■ . 9 '• 6*8728 ■' • *: r  O«7o3o . ■ 4*7065
X e l l  E r r o r ; ' ■ p6u :v  ; - .' 5*6142 - ^ •'C*1.C02.-
_ i l  ,
< u }
<t>001
-<(>001
' 6 , 3 N
Red Cell C o u n t (x  10 /mm )
ro
w W
ch ro
g p <
p- o
p ro
hi M
P< M
P^ o
ro o
< bH* b
P c+
c*-
P* /—>
O O
b CD
CQ M
M
0*5 03
P*
<! Xro
b _V
V-M
H*
b
e+- 
&
CD • 
M  S-
VN ro
~j w
b  bpu II
-Pv
V>4
CT\
CO
D
p
U)
Mean Corwincolar Volume* (CO Imposed)
- Standard
Bay Event MCV. (h? ) Habblt Kos- Mean Deviation
: ■ ■ -1 ■'• ■ 2 ■•'• 3 . 4 i  - / '
0 Control Period 57.79 61.61 67.59 67.13 63.53 4.69
2 57.38 64.79 66,87 73.64 66.17 6.88
5 54.59 56.97 73.45 63.51 62.13 8.43
10 62.15 52.47 62.90 53.54 57.76 5.52
13 CC on after: 
sample
57.28 61.79 69.96 63.38 63.10 5.25
15 73.58 69.01 58.00 65.57 66.54 6.5?
17 54.95 52.79 81.83 66,92 64.12 13.34
20 56.61 69.15 (59.80) 82.44 69.40 12.92
22 69.03 85.00 96.00 77.63 81.91 11.43
24 75.96 69.ll 64.85 74.00 75.48 6.65
27 62.75 70.55 74.78 65.89 68.49 5.28
29 71.93 67.7? 89.86 62.10 82.91 8.02
31; • 54.70 63.45 72.05 67.39 64.59 7.64
34 50.34 57.74 56.05 54.71 3.87
36 57.58 ! '48.95 69.U ■ 57.29 56.23 8.28
38 CO off after : 
sample , : . '
54.63 '56.48 ■64.54 :■ (68.02) 58.55 5.27
43 55.43 64.59 67.02 53.88 60.23 6.54
45 65.99 7oao 66.81 59.10 65.50 4.26
48 56.73 64.24 55.94 56.97 58.47 3.8?
50 (32.96) 61.98 (96.45) 53.29 57.63 6.14
Mean Corpuscular Volume (Control)
7 Standard
Pav 3£vont l.tGV (^J) Rabbit No;- Mean Deviation
5 6 7 8 X
0 61*24 64.28 57.94 66.28 62.43 3.64
2 : 62.72 70.69 63.98 67.89 66.32 3.65
' 7 62.65 64.97 61.11 63.60 63.08 1.62
9 59.^8 69.91 ■ :■ ~ ■' ■ 64.79 7.23
12 60.40 56.02 , 49*10 60.11 56.40 5.26
14 65.18 52.16 60.50 57.32 58.79 5.47
16 66.55 61.88 58.31 62.0? 62.15 3.28
19 63.45 68.56 63.49 72.57 67.01 4.41
21 66.08 38.65 65.87 62.61 63.30 3.48
23 67.2? 67.09 72.33 65.68 68.09 2.91
26 ; , 64.44 52.32 61.85 70.24 62.21 7.46
28 62.60 57.45 67.01 65.75 63.20 4.25
30 62.71 71.84 75.09 70.16 69.95 5.24
33 71.91 70.90 67.74 70.18 2.17
37 65*44:. 59.30 71.97 64.85 65.^ 5.18
41 65.17 65.25 69.20 69.05 67.17 2.26
■ ■ ■ f . - '>A:ble .5»2f'' :
■ ' lVf6‘'-vray- analysis''of variance vdt'iout 
• ••replication* • 4» ‘ e:m'Corpuscular Volume : ' .
CO exposed.(Control period 0-?3) ;
, Source of' Variation !)?■ Sum o f ’ ,, -Mean-..Square P .Oil ;;a p
110173 - 'dayb'- 'Ef pf
■ iUvf u<.u
1/;9*768p. •'■ 37*4421 /V 1*8352 2*0f66 > 0*05 ft;
Columns' ’f=: rabbits ff,. . 3 _;-o1*2555 1170833 5*7351 •3°1534 0«01<r<0*025
.•Error ' a 4 a'mf .12 244*0156 ," 20*4013 ; " . 4-f* -f . *•'
• CO' ernosed (exposure period 2« day- - •
■ Scure e. of V siri a i i on of.;;;;
ocraare‘3
' fit uare j f - P i '  ; '' ■ Sd ',3. 3 P .
•flows « days • .9 -‘ 2552*07 : '• 283*56; - 4 * 8 9 " 5 0 0 :< 0*001
Columns = rabid to 3 G07*73 269*24 . 4*64 3*53 . 0*01
Error ■ 27 1564*04 57* 5.2
Control yrouo 4 con'trol period 1» day 0-14)
Source of Variation i)F ' Sy;:i of . ■ 
Ernuires '.
/f.-eim Square' p  ■ c  s
p  /
'Hows «  ‘"days • 3 205°1379 60*3793 '3*1129 : 1*3369 ■ 0*001<P<0*Q05
Columns «. rabbits 5; 1030932 34*4644 ■ ■4*5330 1 *ffCf 0*025<P<0*05
'Error . ' ' 9 . , 6JO310 7*.3055
Control -group ( errmaure period -2* day' .14-41)
Source' of Variation JV Sun of ■ 
Snu’ares :
vjfeuii Square F : SE Fa .
ItOvva; = clayo o 431®26 4701 2*80 - 1*84 >0*03 46
Column ~ Habbits 176*51 23° 45 3*43 ' .202 >0*05. ff
Error 21 400•04 17*06
• f • • -Ero, - analyaia ,.pT-.varin.nce wlili rop.i3.cr:,tior: »
a ... •";?' -4« » . . ' / ' Q i a i  C o r in i5 c n .u a r , r(dA7juGBV; Ck>proar.im?- 00  i " a
■■a a E xp o se d  -''and . c o n t r o l t h r o ' n /-,a ^er u o d i i r o 3 
period (ring 1j-.y, 00 exposed, 1/fc’1 control) '
\G6uree -of. V a r ia t io n  v9 8 f r f-ffit.a/- of. :.nrr-.roa ; - u.fe&ni & t i i i & c .
flows = VO c:q». or 1 ‘ 571*1778 ’ '571*1772 - 7*2105 0*GJ5<* <001
cc. • I r o l
C oliam o ~ days : „ 12200',^  1;i'®342l 2 0 5 6I 0 0 1 <5<0 0 ' 5
I n te r a c t io n  3 1657*1256 1C<>124H . ;>:>017 0«0';i<l*<C>0d5
C e l l  Error 60 pfOOSdO 51*4055 ■ a , f . '

' ' M L K  3.25 ■
Average Corpuscular Haerao/rlobin Content. (CO lihtposefl) {
Standard
Event . ACHC (nico^ams/cell) Habbit Eos- Fean Pevlatior
1 2 * *. ? ■ ■ ' 4 ■ ■ X ■
0 Control Period 21.83 16.96 20.37 18.67 19.46 2.10
' 2.:' 22.71 17.85 20.84 19.91 ■'20.33 - 2.02
5 20.61 ; 15.21: 21.41 17.85 18.76 2.82
10 20.85 19.58 21.97 17.46 19.96 1.93
13 ' CO on after
sample.
19.49 19.01 22.48 19.75 20.18 1.56
15 34.17 26.63 28.94 26.85 29.15 3.50
17 19.28 15.63 26.42 21.19 20.63 4.49
20 20.38 20.00 (23.07) 22.57 20.98 1.38
22 19.64 19.14 22*18 21.54 20.62 1.46
24 24.15 18.79 29.32 20.38 23.15 4.68
27 19.13 18.45 22.42 20.00 20.00 1.73
29 21.34 10.95 24.26 ■ 16.95 20.37 3.15
31 23.02 26.06 26.64 24.68 25.10 1.61
34 22.04 • - 24.50 24.77 25.75 1.48
36 14.57 21.64 21.05 22.49 19.94 3.62
38 CO off after 
sample ■
17.61 20.21 20.82 (21.59) 19.55 1.70
43 17.31 22.95 ' '21.33, 19.89 20.37 A 2.39
45 19.68 20.97 20.70 19.53 20.22 0.72
48 19.85 21.05 22.83 21.62 21.54 1.25
50 17.18 21.40 (29.05) 18.68 10.09 2.14
Average Corpuscular Haemoglobin Content* (Control) :
■ Standard
Dav Invent ACHC (nlco &rams/cell) R abbit Kos- Mean Deviation
. : 5 6 ■: 7 : :/8. . . ' X
0 ■ 18*12 18,17 15.35 17.23 17.22 1*32
2 18*99 17.94 16,82 17.24 17.75 0.95
7 17.70 16*81 14*36 14.72 15.90 1.61
9 16*93 15.50 r \ ' - . 16.21 1.01
12 17.11 : 13.42 13.65 14.66 14.71 1*68
14 -■ '16*44 13.57 13.20 13.19 14.10 1,57
16 19.06 18.26 19.29 18*99 18.90 0,44
19 18*62 17.89 15.40 19,23 17.78 1*68
21 18.60 18.21 18*35 17,24 18.10 0*59
23 19.09 18.78 19.81 16*75 16.61 1*31
26 17,86 18*21 19,49 20.53 19.02 1.22
20 . 17.15 17*25 18*05 16*52 17.24 0.62
30 16*94 18.95 20*96 19.57 19.10 1,67
35 17.78 19,46 18*56 18.60 0.84
37 17.45 17*50 19.19 19.39 18*38 1*05
41 : ' 17.53 20.36 19*73 22*08 19.94 1*86
TAT&iti 5.27
Tv;o way auutlyoin of variance without 
rerilcntioru. 5 ^veraae - Corpuscular'3
■HaonoA'loMn contents: ; •■
Source of.Variation i)S , iT- of
.. it ires
■ ' Sean Square ■ P '• 3E ■' : ’■ ])
■Rows = days a ' 4 6*4*3807 ' 1•62201 3, 1*0098 .0*80133 ■•”>‘0*0o :
Colunnus as rabbits'- • -.3/ 43-73503 16*25169 10*11835 .0*89614 G-00K1X0-005
.Error . . 12 - 13*27395 , 1*00616 ■ :
’CO exuooed (exposure nc-riod 2 day 15-3,3). :•
Source of.Variation lip Stirn of, 3 
Souares 3
tleiui:. Square . F. ;- SIS -' - p 3
Rows -days. o '322*73123 ’ 33-05502 .5° 29206.' 1*16213 < 0*001
Coliains ss .ralfo'its-."- 3’3;':3 88*05200 23-1755. 4-37092 1*3 J63 0*01 <1X0*025
Error 2V 4.02-53193 6*77599
Control r;rouc ( control ■ reriod 1,„«yy. C-14J,"
'Source of Variation ■d? . Sun of »'can' Satu-re :4 ’-‘SS ■ ; -p.. v: 5 ■ ; .3;
Sauareo
.Rows’ days ’ '■ 3. 3 -o ;'22 •36951 ■ 7.4550 11*07612 0*58017 0*0C51<*'<0*005
Colu"ins rabbits'. : - 3 .10*25146 : 6.0771f 9*02703.0*50017 o*ooi<r<o*o:;5.
Cirror ■.,/■' , 3 6*05893' 0*67321 ; -3-2' '.3 .'■•3'. . ' -.v'-
Control /Trouo ( enonire 'Period 2, ffigr .14-411
Source jof Variation DP Sun 'df ■’ ■ Rear •,Square - F :3 sit -; 3'3:p. 3 , 3- 3 ! -3
Snnaroo '.a ... ■ - -
Rov/s ~ days • 3 95-1323 ; 10*350233'9 .5-5354 0*5303 <0*001
Coin no ~ rabbits '■> 2*0740 -3 * . 0*6916 3 0*5366 0*5557 >o*03
S'uror 27 47-CS2? /v 1-7430
■ flyo way analysis of variance with replication. : 
S. 'Average' Corpuscular ilnerioy- obin -Content. ’ 
Coxyarhy;. CO exposed and control groups throxikh 
exposure period (day 15-53' 00 • exposed9 14^1 
control) -
Source of Variation D? Girn of Squares Pour Empire P ‘ ■ t>
•Eov/s - 00 exp* or
Control '
■Col'uians - days 
Interaction 3- 
Cell '.Grx-or 60
■•3DS‘*68443
•68*02085 
326*84640■ 
-342*20060
501*63449 '' 34*28608 < 0*001
7*55376 1*52301 >0*05
56* 316267' ■ 6*36605 < 0* 001' 
,5 - 7 0 4 6 7  "
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otal White Cell Count (CO loosed)
„ ■ Standard
Event WOO (X loVnnr^ Rabbit Not- Mean Deviation
1 ’ 2 3 . ■ "4 : ‘
0 Control Period 8.9 18.2 14.9 12.5 13.62 3.92
2 15.0 6.5 15.5 15.2 12.50 4.09
5 15.5 8.7 10.3 11.6 11.52 2.90
10 10,5 9.0 8.5 7.5 8.87 1.25
15 00 on after
sample ■
5.0 4.5 '■■' 4.5 6,0 5.00 0.71
15 55.0 4.0 4.0 2.5 11.37 15.76
17 15.5 16.0 14.5 18.2 15; 55 2.04
20 23.8 26.2 18,8 16.0 21.20 4.64
22 17.7 21.6 11.3 . 15.9 16.62 4.27
24 I - 23.3 26.4 29.2 25.6 26.12 2.43
27 18.3 14.0 18.4 11.6 15.57 3.35
29 16.5 14.1 27.5 18.5 19.15 5.B5
51 17.6 14.8 18.0 14.2 16.15 1.92
54 19.5 - 21.5 23.3 21.43 1.90
36 13.9 11.4 17.2 14.7 14.30 2.39
38 00 off after 
sample
17.9 11.8 18.0 14.2 15.47 3.02
45 26.7 17.4 28.8 21.2 23.52 5*19
45 16.2 14.0 13.5 13.9 14.40 iL. 22
48 22.3 11.4 19.5 13.8 16.75 5.02
50 16.7 I9 .4 17.1 17.73 1.46
Total White Cell Count (Control)
Dav 13vent WCC (X105/mm5) Rabbit Nos Mean.
Standard
Deviation
5 6 7 8 X
0 8. 1 9.5 10.2 8.8 9.1 0.90
2 10.8 11.5 11.6 12.9 11.7 0.87
7 io.a 11.2 12.5 ' 8.2 10.7 1.80
9 - . ; • 10.2 11.5 12.8 8.5 10.7 1.85
12 10.6 . ' 12.9: 16.1 a. 7 12.1 5.18
14 ■ ■ 9.7. 11.2 9.5 9.7 10.0 0.79
16 ■■■"■■ - , ■ : . 10.2 11.2. 8.7 8.9 9.7 1.17
19 . 9.5 12.5 9.2 8.5 9.9 1.82
21 ■ - . -
25 ' - ■ . - .
26 / 7.5 10.2 10.5 8.1 9.0 1.44
28 8.7 10.0. 11.8 10.5 10.2 1.27
50 9.5 11.8 12.9 15.0 11.8 1.62
55 . ' ' ■ ■ ■■, . 9.5. 9.8, 15.1 12.6 11.2 1.92
57 10.2. 8.9 12.8 11.1 10.7 1.64
41 :■ 12.5. 10.2 11.5 12.1 11.5 0.95
Two way analyses of variance without replication.
6, Total White Cell Count.' .
Source'-'of Variation DP Sum of , K&m Square F -SB p
” Squares . ' ' ’ ■ . ■
Rowsdays''" ■'■ '4 • 190*06?00' 47*51675' 4*71548.2*00766 0*0£<P<0*025
-Columns ^ rabbits ■ 5 . .6*88150... '2*29505 - 0*22765 2*24465 > 0*05 HS .
Error , . 12 120*92100 10*07675 -
Source o f V a r ia tio n ' • UP 'So®-of Kean Square F SE p
.':■ '.• '. " : ' ■ • ’ Squares- ■ ' ■ ■' '
Bows » days 9 606*19225 67*35469 1*33926 2.67025 >0*05 MSE' -
Columns = rabbits ' 3 125*46075 41*15553 1*15433 4*22204 > 0*05 m l ..
Error 21 962*58675 35*65136
Control {*roup ( control period 1« day 0-14),
Source of Variation m Sum of.
Squares
i.iean .Square I*' S3 ; p' ,
-.Hows «' days'. ' 4'- 20*60700 5*15175 2*43067 0*91142 " > 0*05 us
.Columns m ';rabbite 5 50*15400 10*05155 4*33993 1*01900 ' 0*01<F<0*025
‘Error r :: r ,V,.;.:'V5k;;V . 12 ;;:'24*92ioo'; 2*07r75
Control /p,'oup ( e:*xoour^  period 2, .dpy.14-41)
Source of Variation DF Sum ;bf ■; X :
Squares r e
. Keen ^Square ■ P-.p; p
Hops » days G 26*47909 5*30988 1•67491 0*6626? >0*05 US
■■Columns = rabbits'1 ;. -'5 9*44245 5*14747 1*59273 0*99401 > 0*05 us
Error. ’ '• 24 47*42756 ■ 1*97614' •
HBLC- 3.32
way analysis’ of variance v;ith replication.
6e -Total Phlto Cell .Count» '■ Cotepariny CO exposed '
. and control irroupp through' exposure period (day '
• 13*58 COerr-ococU 14-41 control),
Ooiircs of Variation 1)0 -Sum of Squares Mean Square ■ ■ F :
Hone = CO exp.. or 6 1 ■. 526*12933 ' " 4526* 12933 . 23*81255
control’. 7
• Columns =  days - 7 - 129*01526': '18®43075 “•" .0*83417
Interaction ; ■ 7 : 142*36692 . 20*53813 ' 0*92050'
Cell Error • - ' 40 .1060*54250 '22*09463 .-
-d 0*001'.'
> 0*05 :: 
> 0*05 d
WCC (x  10^/m m ^)
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Carboxyhaeriogrlobin C oncentra tion . (GO Il&nosed)
Standard
Bay Ifoent - . ' 001-lb ($ ) .  R abbit Hoe- ■ • ■ ' Mean . D ev ia tio n
; . ■ 1 ... 2 3 . 4 : X
0 Control Period 0.05 0.01 OiOO 0.40 0*11 0*19
5 0.05 0.10 0.27 0.45 0*20 0*17
10 ; - ; ; ■ «• ■ '■**
15 GO on after
■aarsple
0.15 0.02 0.21 0.39 '0*19 ■ 0*15
15 16.6 17.0 15.2 19.1 16*97 1*61
1? 15.2 15.8 14.6 17.6 15*80 1*29
20 15.0 14.5 15.8 16.5 14*40 1*49
22 12.8 12.0 11.7 15.5 13*00 1*75
24 11.5 11.0 11.8 14.6 12*22 1*61
27 10.0 (8.6) 10.5 12.3 10*95 1*21
29 10.0 10.5 9.8 11.1 10*55 ' 0*58
51 9 .8 9.0 8.8 2,0.2 - • 9.45 ■ 0*66
34 8.8 8.7 8.6 9*5 ; 8*85 0*31
36 8.4 9.5 8.0 io.$r- 8*97 0*95
5B GO off after 
aample
'8*6 ’ 9.8 ; 7.2 9.5 s*77 ■';•, 1.17
45 0.20 0.15 0.08 0.55 " 0*19 0*11
Calculation of CarboxyhaemoGlobin Concentration
fin  grsgss/lOOials. blood^.
Kean Kean Kean
Bav Event Hb (g/lOOmlaV HbCO (<:') HbCO fjr/lOOnlol
0 Control Period 10.57 0.11 0.01
2 10.47 ' ; 0,- -
5 , 10.15 0.20 0.02
10 11.30 . ■ ■ - ■ . - '
13 CO on after 12.25 0.19 0.02
sarnie
15 , 13.77 , 16.97 2.33
17 12.90 , 15.00 2.03
20 . 14.07 ; 14.40 2.03
22 , 12.35 13.00 1.6o
24 14.07 , 12.22 1.72
27 13.60 10.93 1.49
29 15.72 10.35 1.42
31 ' ; 16.17 9.45 1.55
34 16.60 _ 8.85 1.48
36 . 12.80 ; ; 8.97 1.15
38 CO .off after 12.67 8.77 1.11
sanrple
43 13.70 . 0.19 0.03
45 : . 13.40 - 7: -
48 , 13.30 0.10 0.01
50 12.77 - -
Hbco
HbCO g/lOOfflls = Hb (e/lOOmls) X -  -J ' ■■
Figure 
5.16 
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TABLE 5,55 ;
Barometric Pressure and Haematol ogieal Variables 
(Mean Control data).
Day BP , 
mmHg
Hb
'
HCt HOC - 
X10 /nmr
WCC
XlOv/nsrr
ACHC MOV
0 768 10.12 36.67 5.89 9.1 17.22 62.43
2 771 9.87 36.89 5.56 11.7 17.75 66.32
7 770 9.07 36.03 5.71 10.6 15.90 63.08
9 755 10.00 59.95 6.16 10.7 16.21 64.79
12 755 9.57 36.81 6.53 12.1 14.71 56.40
14 767 9.17 55.66 5.75 10.0 14.10 58.79
16 756 10.12 35.28 5.35 9.7 18.90 62.15
19 757 10.55 59.82 5.95 9.9 17.78 67.01
21 756 10.72 37.51 5.93 18.10 63.30
23 774 10.52 58.57 5.67 18.61 68.09
26 775 11.02 55.89 5.81 9.0 19.02 62.21
28 759 10.10 57.00 5.86 10.2 17.24 63.20
30 748 10.72 59.25 5.63 11.8 19.10 69.95
55 755 10.22 38.71 5.55 11.2 18.60 69.94
57 752 10.50 37.26 5.72 10.7 18.38 65.39
41 762 11.07 37.51 5.56 11.5 I9.94 67.17
r ' a 0.203 * O.464 * 0.264 * 0.247 * 0.062 * 0.195
r« Correlation coefficient. (Barometric pressure 
with haemotological variables)
gilPLii 5*56mtmHuvinmiiM i. i iwmwirr mt^0iv*n ‘t»
Bed cell else dietrilmtion before end after 
exposure to CO (24 hours at 200 rn'Okra)
Red Cell--Sies '  Rabbit Ho / ^  cells. Kean ' S3)
Diameter ** ■ "■ 1 2 3'
1. Before ■ Bxpoeure. ■ '
3.5 2.99 1.36 0.68 1.19 0.68
4.0 . 1.84 4.47 3.23 3.18 1.31
4.7
\ 8.97
■ 9.32 4.41 7.56 2.73
" 5.4 18.16 22.14 9.68 16.66 6.36
6 .1 24.37 ■ 15.34 11.04 16.91 6.80
6.8 6.21 17.6? 7.30 10.39 6.32
■ 7.5 2.53 12.23 13.92 9.56 6.14
8.2 8.51 ; 7.77 18.68 11.65 6.09
■ 8*9 . ' “ 1.15 4.47 13.92 6.51 6.62
9.6 15.86 4.85 12.05 10.92 5.59
10.5 ’ 9.43 ' 0.39 5.09 4.97 4.52
2. After tetosnre.
3.5 1.0 0.4 0.9 0.7 6 0.32
4.0 0.8 2.2 ; ■ 2.1 1.70 0.78
4.7 ' ' . ' V 10.7 11.2 1.7 7.86 5.34
5.4 16.2 18.0 7.3 13.83 5.73
6.1 21.2 20.8 7.7 16.56 7.68
6.8 14.8 11.6 15.9 14.10 2.23
7.5 7.1 10.8 19.9 12.60 6.58
8.2 11.8 8.0 18.8 12.86 5.47
8.9 9.5 6.2 13.0 9.56 3.40
9.6 5.1 8.2 9.2 7.50 2.13
10.3 1.6 2.6 3.4 2.53 0.90
TABLE 5>37
Changes in haematological variables after- acute exposure 
to 200 p.p.m. CO for 24 hours. See table 3*36 and figure 
3.17 for red cell size distribution.
1. Before Exposure.  Rabbit -No.   Mean_______ S3).
Red Cell Count 5.35 5.54 6.01 5.63 0.34
Hb 9.9 10.5 10.5 10.3 0.34
HCt 32.3 30.5 36.1 32.9 2.86
MCV 60.3 55.0 60.0 58.4 2.98
ACHC 18.5 I8.9 17.5 18.3 0.72
2. After Exposure. 
Red Cell Count 4.85 4.19 5.38 4.81 0.59
Hb 10.4 9.8 10.8 10.3 0.50
HCt 30.4 28.8 35.8 31.7 3.67
MCV 62.7 68.7 66.5 66.0 3.03
ACHC 21.4 23.4 20.1 21.6 1.66
a ) B e fo re  e x p o s u re
in
i—i
H0)
u
18
16
14
12
10
8
6
4
0 6 8 10
Cell diameter (/*)
in
i—i 
Hd)
u
b) After exposure to 200p.p.m 
CO in air for 24 hours.
18
16 -
14 -
12 -
10 -
6. 108420
Cell diameter (/* )
Figure -3.17 Red cell size distribution before and after exposure 
to 200p,p.m. CO in air. n=3, means and standard 
deviations given in table 3.36.
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e. Commentary on Results
Haematocrit. (Tables 3*9* 3*10, 3*11# 5*12.» Figure 3*10)
For convenience the pre-exposure period will be referred to 
as period 1., the exposure period or its equivalent in the control 
group as period 2 and the post exposure periods as period 3*
There is no significant change through time or between rabbits 
in period 1, whereas a highly significant variation throu^i time and 
between rabbits is seen during period 2. The variation through time 
appears to be due to the effect of carbon monoxide, and the variation 
between rabbits produced by CO exposure is presumably due to the 
variation in response between the individual rabbits. There is no 
significant variation with time or between animals in the control 
group in period 1, although there are significant variations in both 
parameters in pa?iod 2. This indicates that the experimental situation 
produces an effect on the haematocrit, without exposure to CO. Table 3*12 
tests whether the effect of carbon monoxide is more significant than the 
♦natural* variation. It can be seen that the difference between the 
00 exposed group and the control group during the exposure period is 
highly significant. That there is an increasing effect of time on 
the difference between the two groups is indicated by the significant 
interaction. ' '
Figure 3*10 demonstrates that there is an acute effect of CO on 
the Haematocrit level. In the two days following the introduction 
of CO there is a fall in haematocrit value which returns to normal 
(or slightly above) in the following two days. The nature of this 
response will be discussed later*
Haemoglobin.(fables 3.13. 3.14. 3.15 and 3.16. Figure 3.11)
There is a significant variation in period 1 both through time 
and between rabbits. In period 2 the significant differences between
113
the rabbits remain although the variation through time now become 
non-significant. The control group shows no significant changes 
through time in period 1 although there is a slightly significant 
effect in period 2. Hie variations between rabbits is slightly 
significant in period 1 and ncn-signific&nt in period 2# With such 
large day-to-day variation in haemoglobin masking the comparison before 
and after CO exposure within a group, a comparison between the control 
group and the exposed group is the only indicator of the significance 
of the effect of carbon monoxide, /fable 3*16 shows that such a 
comparison reveals a hi^ily significant difference between the CO 
exposed and control groups although the changes do not appear to be 
significantly time dependent. Shis result is almost certainly due 
to the fact that haemoglobin concentration reaches a peak during the 
exposure period and then returns almost to the pre-exposure level, by 
the end of the period. fIhe acute fall noted in h&ematoerit immediately s 
after 00 exposure is not reflected in a similar fall in haemoglobin.
Red eell count.(Table 3.17. 3.18, 5.19, 3,20., Figure 3.12) 
there is no significant variation between rabbits in period 1# 
and the variation with time is barely significant. In period 2, the 
time dependent variation (due to carbon monoxide) is highly significant 
but the difference between rabbits is non-slgnifi cant. In the control 
group there is small but significant time effect in period 1 although 
this becomes non-significant in period 2. there are no significant 
rabbit to rabbit variations.
Comparing the CO exposed and control groups during the exposure 
period (period 2) reveals a highly significant difference and this 
difference shows a significant time-dependence. (table 3*20).
the acute fall in haernatocrit in the immediate exposure period, is 
reflected here also in a similar fall in red cell count. this initial
fall reverses end increases to slightly above the pre-exposure level 
within 2 days.
Mean Corpuscular Volume, (table 3*21, 3*22, 3*23* 3*24** Figure 3*13)
. there is no significant time related variation in period 1, and the 
variation between rabbits during this time is only slightly significant.
In period 2 however there is both a significant change through time 
and significant variation between the rabbits, Hiis indicates that 
carbon mono&lde not only produces the time-dependent effects but also 
produces significantly different effects on individual rabbits.
In the control group there is a significant variation through 
time in period 1, but a nonsignificant variation in period 2. Hie 
variation between rabbits is also barely significant in period 1 but 
non-significant in period 2.
Since Mean Corpuscular Volume (M.O.V.) is derived from haematocrit 
values and the red cell count, a significant change in M. C.VV would only 
be expected if changesin haematocrit and red cell count were not 
numerically equal. Comparing the CO exposed group and the control 
group reveals a significant time dependent difference, (l&ble 3*24)
Tnis significant increase in Mean Corpuscular Volume is seen to 
be the result of a greater rise in haematocrit value than in red cell 
count, during the exposure period,
the changes in haematocrit value and red cell count that have b -en 
noted in the immediate exposure period are not reflected by changes in the 
mean cosgmscular volume, since during this time the fall in haematocrit 
parallels the fall in red cell count.
Average Corpuscular Haemoglobin Content
(tables 3*23> 3*26, 3*27, 3*^8, figure 3*14)
Hie variation with time during period 1 is non-significant, but 
becomes hi^ily significant during period 2. Hie variation between
113
rabbits is significant in both periods 1 and 2.
In the control group there is a significant day-to-day variation 
in both period 1 and 2, The variation between rabbits is significant 
in period 1f but. becomes non-significant in period 2 ^
In comparing the exposed and non-exposed groups within the 
exposure period (period 2) it is evident that there is a highly significant 
difference between them and the significant interaction, indicates that 
there is a significant effect of time in producing this variation*
However the day-to-day variation between the groups is apparently 
not significant in this case,
Ihe average corpusculasr haemoglobin content (ACIIC) is derived from 
the haemoglobin concentration and the red cell count. The explanation 
of the increase in ACHC is that the heamoglobin concentration increases 
numerically* at a' greater rate than does the red cell count*. .
in the immediate exposure period there is no significant change 
in haemoglobin concentration (althou^i the mean concentration appears 
to fall slightly), whereas the red cell count decreases. There is 
therefore an apparent very large increase in the ACHC in this acute 
exposure’period,
Total White 0ell Count fTable 3.29* 3,30, 3.31* 3.32, figure 3.15) 
There is a.significant day-to-day variation in the white cell 
count in period 1, which becomes non-significant in the period 2,
The variation between rabbits is not significant either before or during 
exposure. In the control group the variations between rabbits and 
throu#i time are largely non-significant. However despite this 
apparent non-significant effect of CO within the exposed group, there 
is a highly significant difference between the exposed and the control 
groups, when compared during the exposure period (period 2), The rise
is a sudden one in the immediate exposure period maintaining a high 
level hut is unrelated to time variation (non significant time variation 
and interaction).
It is interesting also that whereas the other haematologieal 
variables begin to reverse either during or after the exposure, the 
white cell count remains elevated even after the carbon monoxide is 
switched off# (during period 3)#
Carboxyhaemoglobin concentration. (Tables 3.33. 3•34, figure 3*16) 
Ho statistical analysis has been carried out on carboxyhaemoglobin 
concentrations since the change is from a very low level to one 
consistently very large. The small COHb concentrations in period 1, 
are presumably due both to analytical error and to endogenous carbon 
monoxide production. Ho ambient 00 could be detected in the chamber 
when the Infra Ited analyser was seroed on pure oxygen with 200 p.p.ra, 
full scale deflection (p 54).
The fall in the COHb concentration from on initial mean of 16*97 
(- SB l*6l) to 8*77 (- SB 1*17).'after. 25 days exposure is hi^ily 
significant as measured by student t (p < 0*00l). This fall in 
COHb despite continued exposure to a constant CO concentration is the 
sugject of a later study (Section iii). Table 3*34 and figure 3*16 
show that the fall in $ COHb is not an apparent one due to the rise 
in total haemoglobin since a calculation of the amount of circulating 
COHb (in g/l00mls,) shows that there is a real fall in the &otal mass 
of carboxyhaemoglobin.
I)ay-to-Pay Variation
All bf ;;the haematologieal variables show significant day-to-day 
variations. The reasons for this are unclear. Samples were always 
taken at the same time of day and circadian rhythm effects are thds 
unlikely. It was decided to test Tromp*s suggestion that time-related
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variation in human blood composition was related to climatic 
variables especially barometric pressure (2Tcmp 1962), Barometric 
pressures for the Guildford area in which the laboratory was situated 
were obtained retrospectively from the London Weather Centre for the 
period of the study and correlated with the mean values for the 
haematologieal variables in the control group ('fable 3*35) • 'Fn® 
correlation coefficients are of a very low order, the highest being 
between haematocrit and barometric pressure (r «= 0*464) and none of 
them are significants It must therefore be concluded that this is 
not the source of the variation.
Haematologieal Changes after acute exposure. (Table 3.36. 3.57 
. figure 3*17)
A further three rabbits were used to confirm the changes in 
haematocrit, red cell count and the derived haematologieal indices 
noted in the immediate exposure period. Additionally a red cell size 
distribution was established before and after exposure to determine more 
accurately whether there was an alteration in the mean cell size after 
exposure.
Tae results indicate that although there is a fall in red cell count 
and in the haematocrit confirming the earlier observation these changes 
are not statistically significant (Red Cell Count t « 2*086 p>0*05., 
haematocrit t # 0*447 P>0*05)* There was no change in the mean 
haemoglobin. As a result of these changes there was an increase in the 
mean corpuscular volume althou^i it is barely significant ( t *= 3*098 
0*025 V < 0*05). Ibis confirms the earlier observation. Similarly 
the increase in average corpuscular haemoglobin content, although 
confirming the previous finding was of little significance (t » 3 *159*> 
0*025 <P<0*05).
Discussion
The comparison between effects of CO and those of altitude is . 
often made. Indeed the haematologieal responses to altitude appear 
to be much the same as those observed during prolonged exposure to 
CO. Paul Bert in his ”La Pression BarometriQ.ueM predicted that the 
blood of animals and man living at hi^i altitudes would have a greater 
oxygen carrying capacity than would blood from individuals at sea level. 
He was able to prove that this was in 1882, when he showed that 
animals living at high altitude in Bolivia had hitter haemoglobin 
concentrations than those living at lower altitudes. Viaitlt (1890) 
confirmed this by showing that there was an increase itx red cell numbers 
after residence at high altitude. Many workers have since shown that 
polycythaemia is a usual response to altitude and is brought about by 
the low environmental pressure of oxygen. (Van Liere and Stiekney 1963)* 
As will be discussed in later sections, CO produces a small decrease 
in arterial POg, although its effect of shifting the oxyhaemoglobin 
dissociation curve to the left is an additional hypoxic stress. How 
00 in particular and hypoxia in general affects erythropoeisis is still 
open to Question.
An initial effect of hypoxia is that in some species, but probably 
not In man, the spleen contracts to release stored red cells into the 
circulations. (Schafer and Moore 1896). Bancroft, Murray, Orahovats, 
et. al (1925) and de Boer and Carroll (1925) confirmed that carbon 
monoxide was capable of causing this reaction. de Boer and Carroll 
showed that splenic contraction in the cat occurred with as little as 
Bfa carboxyh^emoglobin. However the splenic response to CO in the rabbit 
has not been shown, end it would appear from the present study that a
sudden increase in red cell numbers shortly after exposure does
not occur. In fact the very opposite effect is seen, It is
interesting' that Killick’s results on men show that after the first
■' 6# 3
exposure there was a fall of 0*5 !X 10 /mm in the numbers of red : 
cells and a fall of 6fa in the haemoglobin concentration. These 
changes had reversed by: the nest exposure and no equivalent falls 
were noted during the subsequent exposures over a period of ten months. 
Conversely Asmussen and Khu&sen (1941-) using, acute exposure to produce 
similar COHb concentrations (about 30/) found a consistent rise in 
haematocrit in the immediate post exposure period. Ihey concluded 
that this was largely dtie to haemoconcentration resulting from water 
loss from the capillaries.
In the present study there was an increase in the mean haemoglobin 
in the first series of experiments two days after exposure (table 3* 13) 
and no change in the mean haemoglobin after 24 hours (table 3*36) although 
one of the three rabbits in this experiment showed a fall in haemoglobin. 
In the first experiment the rise in haemoglobin concentration amounted 
to an average of 1*5 by the second day of exposure and although this 
increase is hot significant, there is no parallel increase from day-to-day 
in any of the control observations.
Ihere was also a decrease in the red cell count and a fall in 
haematocrit both 24 hours after initial exposure (table 3.37) 'and 40 hours 
after (tables 3*9 and 3*17)« However, although this was a consistent 
trend the changes are small and not significant. It is difficult to 
see how an Increase or even a constant haemoglobin concentration is 
compatible with a fall in red cell numbers or haematocrit, unless there 
is replacement of cells containing a given amount of haemoglobin with 
a smaller number of cells containing greater amounts of haemoglobin.
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Such a mechanism would require two occurrences. Firstly some red 
cells would have to he destroyed or removed from the circulation.
One possibility is that some cells become more fragile in the presence 
of carbon monoxide and haemolysis occurs. An increase in red-cell
fragility has never been conclusively shown as a result of exposure
to pure carbon monoxide although, it has, as a result of exposure to 
illuminating gas (Mayers, Bivkin and Krasnow 1930). The second 
requisite would be the appearance of cells containing greater amounts 
of haemoglobin* It is possible that CO calls forth a number of large 
cells containing increased amounts of haemoglobin, from the bone marrow. 
Hasmith and Graham (1906) noted erythroblasts appearing in the 
circulation after moderate 00 poisoning and Tscherkess, Dounaievski and 
Karpenko (1934) noted the appearance of macroblasts and reticulocytes. 
Kiilick (1936) noted a large increase in reticulocyte numbers although 
her intermittent exposure failed to produce an increase in total red cell
numbers after 10 months exposure. Berger and Grill (1936) noted that
after 00 poisoning there was sometimes an sppearanceof hyperchromic, 
macrocytes, a picture resembling pernicious anaemia. However the 
red cell sise distributions in the present study tend to suggest that 
this does not occur to any significant extent at low levels of CO.
If the spleen is active in this process it would appear not to be by 
secreting cells into the circulation, but by removing some* The 
possibility that CO produced subtle changes to the erythrocyte 
architecture which perhaps altered its shape was considered. It is 
conceivable that the observed fall in red cell count was a result of 
such effects producing counting errors on the cell counter. This 
is possible because the counter ’sees* cells of particular volume but 
will ignore cells falling outside a preset volume range. However a 
phase contrast microscopic examination of erythrocytes from control 
rabbits compared to rabbits acutely exposed to GO did not reveal any
noticeable shape or sise changes. Additionally red cell counts,
made using the cell counter, of normal cells and the same cell
suspension after bubbling with 00, did not reveal any counting errors
from thiseource.
A further possibility to explain the fall in red cell numbers
and hematocrit 1© that haemoclilution occurs. In these circumstances
an increase in the average corpuscular haemoglobin would be necessary
to maintain the observed ©onsiency of the haemoglobin concentration.
Hie results indicate that thin does occur although again the source
and fate of these red cells abundent in haemoglobin is uncertain.
Haemodilution, although not ruled out, is an unlikely event as a result
of hypoxia. The literature suggests the opposite effect to be more
usual. Van Mere and Stickney (1963) have reviewed the literature
on plasma volume changes at a3.titude and there is no doubt from the
many observations that a reduction in volume occurs. However
Biggard-Andersen, Petersen, Hansen ©i. al. (1968) could find no parallel
blood volume changes after CO exposure, although their exposure regime
was Intermittent, which may have permitted compensatory adjustments to
occur in the non-exposure periods. They were however able to confirm
the fall in plasma volume at altitude and also detected ©n increase
131in the vascular permeability of X labelled albumin after CO exposure.
It will be recalled that Asmussen and Khudoen (1945) shewed haemoconeen-
tration due to plasma volume reduction as a result of CO exposure.
A second raeohaniem by which hypoxia produces an increase in
erythropolesis is a direct acceleration of haemopoetic activity in the
red bone marrow. Bert and VjUault both believed that this was the
mechanism by which haemoglobin and red cell numbers increased. Haldane 
and Priestly (1905) later showed thAt the bone marrow was stimulated when
a gas mixture containing 14$ oxygen was inspired. Presumably both 
the reduction in arterial PO^ and'the hypoxic stimulus produced by 
the shifted oxyhaemoglobin dissociation curve in the presence of 
CO causes tissue hypoxia resulting in an erythropoeisis from CO 
similar to that found as result of hypoxic hypoxia.
The erythropoiesis resulting from hypoxia is said by Mils (1963), 
to be a result of the release of a renal-stimulating factor from the 
anterior pituitary, the pituitary presumably acting as the hypoxia 
sensor. This stimulating factor causes the release of an erythro- 
poeitic substance (E.S.P. or erythropoeitin) from the kidney, which 
stimulates red cell production from haemopoeitic tissues. It is 
thought that there is no direct effect of hypoxia on the bone marrow, 
since bone marrow cultured in-vitro does not respond to hypoxia, nor 
does experimentally produced bone marrov/ hypoxia produce erythropoeisis 
(Grant and Root 1952). Syvertsen and Harris (1973) have recently 
demonstrated an increase in circulating erythropoeitin in dogs which 
reached a peak 48 hours after exposure to 195 p.p.m. CO.
Although the reasons for the acute haematologieal changes after initial 
exposure are unclear it seems very likely that the increases in red cell 
numbers and haemoglobin after more prolonged exposure is due to increased 
erythropoeisis, brought about by a mechanism probably identical to that 
resulting from chronic hypoxic hypoxia.
The finding of non-parallel increases in haemoglobin and red cell 
numbers with regard to the immediate exposure period has been commented 
upon. Such findings are not without precedent in the literature.
May (1931) noted that in dogs exposed to 200 p.p.m. CO for six hours 
daily an increase in red cells occurred after two weeks with no increase 
in haemoglobin. The increase in haemoglobin occurred some two weeks
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after the increase in red cell numbers. Tsehcrkass, Dounaievski 
and Karpenko (1954) are reported to1 have observed similar events.
Brieger 1914 also found in dogs that haemoglobin began to fall after 
six weeks continuous exposure although the red cell count did not do so 
until after nine weeks. Reinhold C1904) reported in human subjects 
poisoned with carbon monoxide, an increase in red cell numbers with 
no increase in haemoglobin. Although these reports indicate that 
red ceil numbers can alter without measurable alterations in haemoglobin 
they all note that red cell numbers increase with a static haemoglobin 
concentration, which would have the effect of reducing the average 
corpuscular haemoglobin; concentration. In the present study red cell 
numbers decrease with respect to haemoglobin which produces an increase 
in ACHC. Besides this increase occurring within 48 hours of 
introducing CO a similar increase is noted at day 31 (10 days after GO) 
which ce-incides with the peak haemoglobin concentration, after which 
haemoglobin decreases again. ACHC values do not significantly differ 
from normal in the intervening period* It would appear that whenever 
there i3 a stimulus to altering the haematologieal state cell numbers 
and haemoglobin concentration do riot necessarily alter in a 
quantitatively equivalent way. Brieger (1944) and Gorbatow and Noro ‘ 
(1948) both observed similar'falls in haemoglobin after prolonged 
exposure, although in both studies the fall took considerably longer 
to occur (Brieger 6 weeks with dogs and Borbatow and Noro 11 weeks with 
rats).
Hie fall in haemoglobin concentration after the middle of the 
exposure period presumably indicates that the hypoxic stress is abating 
after this time. Again presumably this is not simply because of the 
increase in haemoglobin, since a fall in haemoglobin would cause a
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further hypoxia and stimulate a second rise and this is not observed* 
Hie rise in haemoglobin is therefore either a first-line defence 
against CO hypoxia,which soon becomes replaced by more effective 
compensations, or is not a physiological adjustment to CO, but simply 
an effect of the gas on a mechanism which is intended to compensate 
against hypoxic hypoxia. Indeed it is questionable whether an 
increased oxygen carrying capacity is really very effective against 
the hypoxia produced by carbon monoxide, since, as will be discussed 
in later sections, the major hypoxic effect of CO is not in its 
removal of a proportion of functional haemoglobin, but in its ability 
to shift the oxyhaemoglobin dissociation curve* This latter effect 
is not obviated by any increases in haemoglobin. The many human 
studies which indicate that chronic CO poisoning is not associated 
with haemoglobin or red cell increases, m y  be a result of this 
phenomenon (e.g. Sievers, Edwards and Murray 1942). All of these 
studies have looked at the haematologieal state after prolonged 
exposure, by which time the haemoglobin and red cell changes may have 
returned to normal. Those studies which have followed changes over 
short periods of time have invariably found increases (e.g. Sayers, 
Yant, levy et. al. 1929).
The increase in.white cells is perhaps an indication of general 
bone marrow stimulation, •, although the suddensss of the increase is 
remarkable. . Meyer (1955) concluded that the leucocytosis accompanying 
hypoxic hypoxia in rats was due to the emptying of leucocyte stores 
in the spleen, liver and lung. The initial rapid rise in the present 
experiments may, be due to a similar mechanism* Cress, Clare and 
Gellhom (1943), subjected rats to a simulated altitude of 17,000 feet, 
to carbon monoxide and to haemorrhage (hemic hypoxia*) • All of these
conditions were associated with a leueoeytosis which the authors 
interpreted as a result of the hypoxic release of adrenalin. The 
question of adrenalin release in CO exposure is discussed in a later 
section, (p. 214)/however whether adrenalin has a chronic effect on 
white cell production is unknown. It is possible that the initial 
rise in white cells is mediated by adrenalin, in its action of 
causing splenic contraction for example. The reports cited in the 
introduction demonstrating leueoeytosis as a result of CO exposure 
inevitably involved moderately high levels of the gas. Leueoeytosis 
resulting from chronic low levels has not been previously described. 
Previous observations on hypoxic hypoxia indicate that the leueoeytosis 
from this, is usually temporary; It is interesting that the increase 
in v/hite cell numbers observed in the present study remains high after 
the red cell numbers and haemoglobin have fallen and even after the 
CO has been removed.
The haematologieal values for the control animals are well within 
the normal values given by Altman and Pittmer (19&L) for rabbit blood 
(p 110). The exception being that the Average Corpuscular haemoglobin 
content is sli#itly lower then the lower end of the published normal 
range. ■
' g. Summary
darbon monoxide; exposure at 200 p.p.m. produces an acute 
decrease in the haematocrit and red cell count in the 2 days 
following exposure, although there is no change in cell sise 
distribution*' A&thou$i consistent the changes are small and may 
not be significant. After prolonged exposure there is a significant 
rise in haematocrit, red cell count, haemoglobin, Mean Corpuscular 
Volume and Average Corpuscular Haemoglobin content. The haemoglobin 
concentration and haematocrit begins to fall again during exposure 
and returns almost to the pre-exposure level after 25 days. The red 
cell count is more variable hut appears to stay high even after 
exposure has ceased. Yihite cell count increases immediately after 
exposure and remains significantly elevated throughout exposure and 
after exposure has ceased. The physiological mechanisms by which 
these responses may occur are discussed.
iti. Acclimatisation.
a. Introduction
The haematologieal changes described might be regarded as an 
acclimatisation to prolonged exposure to CO. Kasmith and Graham (1906) 
suggested from their'work on Guinea Pigs that the rise in haemoglobin 
and haematocrit resulting from continued exposure was/Jfcjst sufficient 
to offset the partial loss of functional haemoglobin due to combination 
with CO. It mi#rfc be expected therefore that animals rendered poly- 
cythaemic by hypoxic hypoxia (e.g. altitude) would then demonstrate.an 
acclimatisation to CO. Clark, Otis* and Leung (1949) demonstrated that 
when mice were acclimatised to a simulated-altitude of 34,000 feet their . 
survival time in a lethal concentration of the gas (0*25/v CO in air) 
was prolonged compared to controls not acclimatised to altitude. Wilke, * 
Tomashefski and Clark (1959) used a similar definition of acclimatisation 
in their work on dogs. In their experiments a group of seven dogs was 
given a daily 6-8 hour exposure to between 800 and 1,000 p.p.m. CO in 
air for a period of 36 weeks. They measured tolerance as the rate at 
which the dogs took up CO when placed in an atmosphere containing 800 
to 1,000 p.p.m. CO acclimatised dogs, altitude acclimatised dogs and dogs 
transfused with blood to increase their haemoglobin all took up CO at a 
significantly slower rate than normal dogs. Their criteria for acclimat­
isation then, was a decreased rate o** uptake of CO, which they suggested 
was due to the increased haemoglobin concentration.
A second and distinctly different aspect of acclimatisation arises 
from the observations of Killick on mice (1937) and on one human subject 
(1936). In her experiments she was able to demonstrate that during 
prolonged exposure to CO the animals attained progressively lower COHb 
saturations although the inspired CO concentration remained constant 
(alternatively to maintain the seme level of COHb the inspired concentration
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had to he progressively raised during the exposure period)# Killick 
showed too that in the experiment on the one human subject no changes 
in haemoglobin or red cell count were seen although the subject 
acclimatised in this way. Apparently similar findings were reported 
by Van Bogaert, Dailemagne, and Wegria in 1938# (They exposed a fihesus 
monkey to carbon monoxide for an hour per day# At the beginning 
0*01 fo CO (100 p.p.m.) produced a COHb saturation of about 30$ whilst after 
six months exposure, 0*15$ CO (1,500 p.p.m.) was required to produce the 
same COHb saturation. Astrup, Kjeldsen and Wanstrap (19&7) reported a 
similar occurrence in the rabbit# At the beginning of continuous exposure 
to 170 p.p.m. the animals obtained a mean carboxyhaemoglobin saturation 
of 19*7$ whilst at the end of the fifth week this had reduced to 15*1$* 
dhis was confirmed in the rabbit by Bimetingl, Cole and Hawkins (1970) 
who found that on continuous exposure, to 400 p.p.m. the mean carboxyhaerao- 
globin concentration fell from 25*6$ to 18«4$ in three weeks# Although 
the experiments on rabbits (continuously exposed) showed an increased 
haemoglobin and haematocrit, it is interesting that, like Killick, Van 
Bogaert and his colleagues found no increase in haemoglobin or red cell 
number when the animal was intermittently exposed. Hie mechanism of this 
type of acclimatisation is therefore different from that described by 
an increased survival time since this appears to develop even in the 
absence of any change in haemoglobin concentration. The mechanism of 
this type of acclimatisation was investigated by Killick (1948) again on 
one subject. She confirmed her earlier finding of a fall in carboxyhaemo- 
globin at equilibrium with a given PCO as acclimatisation progressed and 
suggested that this was due to active exclusion of CO by the pulmonary 
epithelium as a result of continued exposure to the gas# (Figure 3.18)
This hypothesis was based on measurements made of arterial alveolar• P0g
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Figure 5o18 Hate of increase of COEb during exposure to constant 
CO. in a human subject • Continuous line - 2nd 
exposure to 2G0p»p.in. (Equilibrium level - 28/& COHb) 
Broken line - 17th. exposure to 220p.p.m. (Equilibrium 
level a 16$ COHb).
After Killick 1948.
differences during acclimatisation. Before acclimatisation there was 
an alveolar arterial POg gradient of 7 ram Hg (77 to 70 mm Kg) hut after 
acclimatisation this reversed so as to give on occasions a 52 mm Hg 
difference between alveolar and arterial PO^ (102 — 154) • rIhe idea 
that the alveolar membrane could secrete oxygen so as to give a higher 
arterial POg than that in alveolar air was derived from the work of 
Haldane (193$)* 2his is no longer considered to he a property of the 
pulmonary epithelium and no modem method of measuring arterial POg has 
ever revealed an arterial POg in excess of alveolar POg (Comroe, Forster, 
Dubois, et. al. 19^ 2). 2he conclusion therefore that the pulmonary 
epitheliumr excluded CO and promoted oxygen secretion as a result of CO 
exposure can no longer he accepted. It is interesting however that 
despite the obvious difficulties in measuring arterial POg there was a 
tendency in Killick*s experiment for the arterial P02 to be low after the 
initial exposure to CO and to rise during subsequent exposures.
Heim (1939) was able to calculate on the basis of the work of Haldane, 
Kill and Bar croft and of Peters and Van Slyke that the arterial PO^ would 
be lowered when breathing carbon monoxide. Ayres, Giannelli and Armstrong 
(1965) confirmed that an arterial hypoxaemia did result from as little as 
5-10/- carboxyhaeinoglobin. Douglas, Haldane and Haldane (1912) formulated 
"laws” which described the reaction of GO with haemoglobin. fXheir first 
**law" can be expressed as an equation often referred to as the Ealdane 
equation.
COHb IT. PCO
02IIb P02
!This can be re-written as follows:-
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The cerboxyhaemoglobin concentration (COHb) rai$rt therefore he 
expected to increase, vdth. decreasing oxygen states of the blood 
providing K and POO remain constant. The relationships of blood 
oxygen changes to acclimatisation is therefore one aim of the experi­
mental work in this section.
A further possibility is that the affinity constant M is altered 
as a result of acclimatisation. In man the affinity constant is taken 
to be 210 (Ssndroy,. I*lu and 7 m  Slyke 1929) but Allen and Hoot (1957) showed 
that the M value in-vitro is reduced by 50?' if the pH is 7*1 and by 40^ 
at pH 7*6. • The optimum M value in rat blood occurred only at a pH of 
7*55 and decreased both above and below this. Joels and Pugh (1956) 
found decreasing M* values in man with increasing PCO^ in-vitro, (see 
p 162.) Hie value of K in-vivo might therefore not be a constant
and might depend on the acid-base status of the blood. Acid-base changes 
as a result of C0 exposure have been recorded in the literature (p. 58^ ).
It would therefore be conceivable that the value of K and hence the 
equilibrium level of COHb changes as a result of acid-base disturbances.
The relation of M to acid-base status and acid-base effects of CO exposure, 
are therefore relevant to a consideration of the possible mechanisms of 
acclimatisation.
Finally, acclimatisation to toxic substances has been regarded as 
a complete tolerance to their effects including necessarily, the ability 
to reproduce normally. (Campbell 1929, 1934) Campbell has shown that 
although growth curves in rats exposed to CO may indicate a complete 
tolerance to the effects of the gas, reproduction is impaired and in many 
canes the animals are infertile. That carbon monoxide exposure can 
result in infertility in the rat was confixmed by Suhrie and Miller 
(1944) (p.42).
The subject of acclimatisation is therefore complex* there being 
no agreed definition of the use of the term and different authors 
describing different phenomena and regarding it equally as acclimatis­
ation. Acclimatisation is regarded in the present work as being any 
physiological changes in the animal which tend to offset the deleterious 
effects of the substance to which the animal is exposed. There are 
shortcomings to such a definition. It is difficult to determine in 
many cases whether an effect is deleterious to the animal. It must 
be assumed however that if a physiological response is made then the 
substance is acting as a stressor. Secondly effects may be deleterious 
in some situations but not necessarily in others. For example. McFarland, 
Houghton, Halperin and Niven (1944) demonstrated an impairment of visual 
threshold with as little as 2/t COHb. (p|8) Clearly this might be 
deleterious when piloting m  aircraft but is unlikely to be so when 
asleep.
A final difficulty arises with 00 as with many other toxic substances, 
in that of intensity of exposure* Acclimatisation can occur to offset 
the deleterious (i.e. potentially lethal) effects of acute exposure to 
high concentrations of the substance or acclimatisation can occur tc 
offset the effects of chronic low grade exposure. Hie mechanisms of 
acclimatisation are likely to be different in these two instances. 
Acclimatisation is therefore relative and a strict definition of the 
terra must be accompanied by reference to the specific situation in 
which acclimatisation is occurring.
The questions posed and answered by experimental work in this 
section are summarised on the next page.
Summary of scope of investigation into acclimatisation 
to carbon monoxide
Eolation of haemoglobin and erythrocyte
increases to acclimatisation.
(a) What is the relation of haemoglobin increase to 
fall in COHb concentration?
(b) What is the effect of haemoglobin concentration
on uptake rate and hence survival time? Does acclimatisation 
to simulated altitude or red cell transfusion produce acclimatisation 
to CO simply by increasing haemoglobin concentration?
(c) Is the haemoglobin rise responsible for the lowered 
equilibrium level of lib CO on prolonged exposure?
(d) Are there changes in'the red cell that alter the 
equilibrium value of COHb?
Eolation of Blood Gas and acid-base changes
to acclimatisation.
(e) What changes occur in arterial FO^ on and during 
exposure to CO?
(O What are the changes in PCO^, Standard bicarbonate, 
and pH?
(g) Vdiat is the effect of pH and PCO^ on the M value 
in vitro.
0 0  Are the calculated effects of PO^ changes on COHb 
concentration equivalent to those seen during acclimatisation?
b. Experimental
A. ffhe relation of Haemoglobin rise to 
carboxyhaemo/?!obin concentration.
Methods
(a) Haemoglobin concentration. Measured as 
cyanraethaemoglobin. (p 107)
fb) Carboxyhaemo&lobin concentration. Commins 
and bawther's Method, (p 61)
(c) Bgoosure. To 200, 500 and 400 p.p.m. CO in air £
10 p.p.m. as previously'described (p 51) !£he results of 
exposure to 200 p.p.m. (4 rabbits) described in Section ii. p112) 
are compared with further data obtained from exposing 6 rabbits 
to 500 p.p.m, 00 in air and 4 rabbits to 400 p.p.m. CO in air.
Kesults
Tables 3*38 to 5.45 
Figures 3*19 to 3*22
TABLE 5.58
Haemoglobin. (GO exposed at 500 0.0.bu CO in air)
Standard
Bay Event Haemoglobin, £$. Babbit Ho. Mean Deviation
1 2 3 4 5 6 X
0 CO on after ' ‘ '
sample 13.0 11.5 10.1 12.6 13.0 14.5 12.4 1.50
1 14.8 15.0 11.2 13.8 15.2 15.5 14.2 1.60
7 15.2 12.8 13.2 15.1 15.0 17.0 14.7 1.52
14 15.8 14.5 15.4 15.6 16.1 17.2 15.8 0.89
21 16.9 16.3 16.2 18.0 17.2 18.0 17.1 0.79
28 - 18.0 16.0 19.2 18.5 18.5 18.0 1.22
35 I7.I 17.0 15.2 16.8 17.2 18.2 17.0 0.97
TABLE 5.59
Haemoglobin ( CO exposed a t 400 T>.t>.m. CO in  a ir )
. Standard ?'
Bay Invent Haemoglobin (ffr) . R abbit No*-fr , Mean D e v ia tio n .■.
/ 1' : ' 2 3 ■■ 4 X
0 CO on after 
sample
10.0 9*2 10.6 9.8 9.9 0.58
1 12.8 10.0 13.0 12.6 12.1 1.41
.■ 7 14.2 ll.o 14.8 13.1 13.3 1.67
14 ;.14.9 ;■ 12.1 15.1 1>.9 14.0 1.37
21 15.0 12.9 15.2 14.1 14.5 1.05
28 15.3 14.3 15.8 14.6 15.0 0.68
31 15.5 14.0 16.0 15.3 15.2 0.85
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Figure 5*19 Haemoglooin concenxraxion ui/ wy w#.
“below 400p.p>m. CO (n=4)« Standard deviations given
tables 3*38 3*39»
300 p.p.m.18
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Figure 5>20 Haemoglobin concentration at 200 p.p.m* CO.
Means. n=4* Standard deviations given in table 3»13« 
(Same data as presented in figure 3• 11» replotted on 
a comparable scale to figure 3*19 for comparison.
sms o.4o
Car'boy.yhij.einofrlo’bin K ) . (aOO p.p.m . CO In  a ir.)
Standard
Day Event CarboxyhaemogloMn 5? RabM t H o :- Mean d e v ia tio n
1 2 3 4 5 6 X
(> CO on after 0.05 0.10 0.07 0.00 0.02 0.85 0.18 0.53
sample *
1 25.4 25.3 27.0 26.4 19.2 24.0 24.$ 2.81
7 22.4 21.7 22.1 21.3 15.4 22.2 20.8 2.70
14 16.2 15.0 18.2 17.1 13.1 16.2 15.9 I 1.76
21 13.8 12.9 15.0 15.3 13.2 14.0 14.0 O .96
28 13.6 12.5 14.5 14.7 13.0 13.9 13.7 0.85
35 13.9 12.6 14.8 14.9 12.8 14.2 13.9 0.98
M B  5.41
Carboxyhaemoglo’bin .(*&) (400 n.n.ra. CO in air")
  ! S tandard ':
Day Event Carboyyhaemoglobin ^  B abbit N o t- Mean D ev ia tion
: l. ; 2 3 4 X
0 CO on after
. 'sample
0.01 0.07 0.09 0.13 0.07 0.05
1 31.0 32.0 32.5 33.5 32.2 1.04
7 22.8 23.6 24.0 25.2 23.9 1.00
14 19.8 20.0 20.0 21.9 20.4 0.99
21 18*0 18.8 19.2 20.5 19.1 1.04
28 17.1 17.6 18.2 20.0 18.2 1.26
51 17.5 17.6 18.8 19.8 18.4 1.09
COHb 
(g/lOOML blood)
h1 to lo 4^
COIIb
(% of total haemoglobin)
co Ho
I—1
O'1
to
o
to too
o
Figure 
5.21 
CarboryhaemogloMn 
concentration 
at 
300p.p»is. 
CO.
Means. 
n«6. 
Standard 
deviations 
given 
in 
table 
3-40
COHb 
(g/lOOML blood) 
to u> *£•
I I I I  t l  M .111111 ml II*>
COHb
(% of total haemoglobin)
H tO to to to to OJ OJ
O' 00 o CO 4^ O' 00 O to
I BPBtmwfc 1 v i  «iif mhaaau
D qj 00
(/)
Figure 
5.22 
Carboxyhaemoglobin 
concentration 
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400p.p.m» 
CO.
Means. 
n«4. 
Standard 
deviations 
given 
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table 
3.41
SABLE-'5.42
Statistical analysis of haemoglobin changes after 
prolonged exposure to carbon monoxide (see Tables 
3.13. 3.38 anti 5.39.)
goo P.-D.I3. 300 -p.p.m. 400 P.P.ra,
Bay 0 10*57 * 1*09 12-40 - 1*50 9*9 - 0*58
Day (34) 16-80 - 0*60 (28) 18*0 - 1*22 (31) 15*2 - 0*85
DF 7 11 7
t 10*0144 7*0948 10*3012
p < 0*001 <0*001 <0*001
Timm 3 *4^ 2 a
Statistical analysis of carboxyhaemoglobin changes 
after prolonged exposure to carbon monoxide (see 
Tables 3.33. 3.40 and 3.41)
200 p.p.m. 300 p.p.m. 400 p.p.m.
Bay (15) 16-97 - 1*61 (1) 24.5 £ g.81 (1) 32*2 - 1*04
Bay (38) 8-77 - 1-17 (35) 13*9 ? 0*98 (31) 18*4 - 1*09
BP 7 11 7
t 8*2403 8*7250 18*3203
p < 0*001 < 0*001 < 0*001
*>
TABLE 3.43 '
Kean rise in haemoglobin to maximum and mean fall
in /' COHb to minimum as a response to 200. 300
end 400 p.p.m. CO. (See Tables 3<► 13-#_3_*33s_3j»38«
CO concentration Haemoglobin rise COHb Fal l " Fall as ¥>
p.p.m* Mean i SI) ■.(/&) ■" Mean ~ SI) of initial COHb
200 4*25 - 0«91 
500 5*43 - 1*14 ' ' V  
400 5-37 - 0*19
8*32 - 0*90 
10*68 t  2*31 
13*82 * 0*39
49*02
43*59
42*90'-:
Significance between exposure concentrations.
CO concentration Haemo/slobin rise ■io COHb Fall
200 ' m  : t ' P t ■, p.".';.
9 1 *7 2 5 2 4  > 0*10  1*91665 p * 05<P<0*10
500 ; :
9 0*10229 > 0*10 2*64125 0*025<P<0*05
400
Oalculation of carboxyhaemoglobin concentration 
(in arams/100 mis, blood.
300 n.p.m.
Day Mean Hb. (ar/l OOmls.) Mean COHb Mean HbCO a/100 mis.
0 '■ ■ . -  0*18 V 0*022
= ,1' - - 14*2 24*5 3*43 ;■/:■//
; ■■ T  . .  14*7  . ' V  20*8  : \  3 * o 6
14  ■ 15*8  ■■...■ 15*9  "  2*51  ‘‘
21 17*1 14*0 2*39
28 18*0 13*7 2*47
35 17*0 13*9 2*36
400 p.p.m.
' Day Mean Hb.(ar/l00mls.) Mean & COHb Ifean HbCO a/lOO mis.
0 9*9 0*07 0*007
1 12*1 32*2 3*89
7 ’ 13*3 ■ 23*9; . . 3*18
14 14*0 20*4 2*85
21 . ' 14*3 19*1 2*73 :
28 15*0 18*2 - ■ 2*73
31 : 15*2 18*4 2*79 .
HbCO (tf/lOOrals) .« lib (g/lOOmls) x ITbCOi
100
TABLE 3.451hmh—.Ttmgnun iWn
Summary of haemoglobin increase and /*/100 ml. 
COIIb fall at the throe ei^osure concentrations.
CO concentration lib rise COHb fall
p.p.m. ff/l00ml. . "fl/l00ml.
200 (Table 3*34) 4*25 1*12
300 5*43 1*10
400 5*37 1*22
Commentary on Results
Haemoglobin r is e  and Carboxyhaemoglobin f a l l .
Results of the changes in haemoglobin after exposure to 300 and 
400 p.p.m. CO in air are presented in Tables 3.38 and 3*39* Table 
3*42 gives the statistical analysis of this data. There is a highly 
significant rise in haemoglobin between day 0 and the peak haemoglobin 
concentration. Table 3*42 also shows the change in haemoglobin obtained 
at 200 p.p.m. derived from Section ii . (Table 3*13)• This too shows 
a hi^ily significant rise. The mean rise in haemoglobin to the 
maximum concentration reached and the mean fall in % COHb to the 
minimum level together with the relevant statistical analyses is 
given in Table 3*43* The haemoglobin rises are not significantly 
different from each other at the three different dose levels. The 
haemoglobin increases appear therefore not to be dose-related. The 
fall in carboxyhaemoglobin ($ of total) appears to be more dose related. 
There is a progressive increase in the magnitude of the fall as the 
exposure concentration.is increased, althou^i the difference between 
each exposure level are only barely significant. Paradoxically, 
although the largest fall in carboxyhaemoglobin occurs at the highest 
dose level it is a smaller decrease in relation to the initial carboxy­
haemoglobin level (before acclimatisation). The largest fall in 
relation to the initial concentration is at the lowest exposure 
concentration. Carboxyhaemoglobin concentrations have also been 
calculated in terms of g/100 mis, of blood (Table 3*44) • It can be 
seen that this shows a progressive decrease as acclimatisation proceeds 
demonstrating that the fall in fo carboxyhaemoglobin is not an apparent 
one due only to the haemoglobin rise. (The same effect was noted at 
200 p.p.m. see Table 3*34 and Figure 3*16). Acclimatisation results 
in a decrease in the quantity of carbon monoxide being carried by the
haemoglobin* Again the reduction in absolute quantity of carboxy- 
haemoglobin appears not to be dose-related, showing almost identical 
falls at the three exposure concentrations (Table 3#45)*
An interesting observation also is that the haemoglobin concentration 
at 200 and 300 p.p.m. reaches a maximum at 21 days and 28 days respectively 
and then declines again whilst at 400 p.p.m. the concentration was still 
increasing after 31 days exposure, at which time the experiment was 
terminated .v
R. Haemoglobin concentration and rate o f CO uptake.
Comparison of Hypoxic hypoxia and carbon monoxide 
exposure as means of acclimatisation to carbon 
monoxide in the rat.
Methods . .
(a) Exposure to hypoxia. The apparatus available for 
continuous exposure to hypoxia was suitable only for small laboratory 
animals. Rats were therefore used in this part of the experiment.
A group of six rats was exposed for 6 hours daily* 7 days per week for 
34 days* The exposure apparatus consisted of a cylindrical chamber 
connected to an Edwards rotary vacuum pump. An air inlet port was 
provided controlled by a solenoid valve connected to a vacuum operated 
switch inside the chamber. The vacuum pump thus evacuated the chamber 
to the pressure pre-set on the vacuum switch, at which time the solenoid 
valve opened to allow air to enter. As air entered the pressure rose 
and -the solenoid valve shut. The vacuum pump then re-established the 
desired pressure at which time the solenoid opened again. This opening 
and closing of the solenoid valve provided a means by which the pressure 
could be accurately controlled whilst at the same time allowing on almost 
continuous entry of fresh air. The pressure in the chamber was read by 
means of an anaeroid vacuum gauge. The rats were thus exposed to 425 
Hg - 20 minHg. (Mean ^  *> 88 mmHg). Whilst in the chamber the rats were 
allowed free access to food and water. A perspex lid allowed normal 
room limiting to penetrate the chamber. Noise levels were not estimated 
but except for the clicking of the solenoid valve and the air entering the 
chamber, the noise levels were not excessive.
Lb)_ Exposure_ to Carbon Monoxide. A group of six rats was exposed 
continuously to 200 p.p.m. CO in air for 34 days as previously described
(p 51). Rates of carbon monoxide uptake were measured by periodic
blood sampling whilst the rats were exposed to 200 p.p.m. CO in air 
in the acute exposure chamber (p 58). $ COHb at equilibrium was
measured by plotting carbon monoxide uptake with time until equilibrium 
was achieved. Because frequent samples of arterial blood were required 
it was necessary to plot uptake curves on anaesthetised rats. The 
anaesthetic apparatus was incorporated into the exposure chamber (p 60).
In this esse the animals were induced with 4*5/ Halo thane (Pluo thane) 
provided by a •XXuetee* Mark XI halothene vaporiser which was then 
reduced to 1*5^ for maintenance.
An arterial cannula was inserted into a femoral artery and blood 
samples were removed into heparinised capillary tubes both for carboxy- 
hseraoglobin estimation and for monitoring of blood gases and pH. The 
cannula was flushed after blood sampling with heparinised normal saline 
in just sufficient quantities to remove blood from the cannula. The 
animals were not artificially ventilated.
(c) I^ easurement of P0^ and PCOB and t>H Arterial PO^ asii;'PC0^  
was, determined on capillary samples using the Radiometer BUS 1 digital 
blood gas analyser. The PD^ electrode was calibrated using ‘white spot* 
Nitrogen (R.O.C. Ltd) to set zero and saline at 37°0 equilibrated with 
room air to set 0 value at about 150 mmHg. The precise value of this 
upper point was calculated daily from the barometric pressure, assuming 
room air to contain 20*93^ oxygen. The PGOg electrode was calibrated 
using two gases of known COg concentration, the values of which were 
determined on the Lloyd Haldane volumetric gas analyser (Gallenkamp and 
CO. Ltd). COg can be measured on this apparatus to within - 0*02 vols 
The PCOg of these calibrating gases was calculated daily from the barometric 
pressure. A stream of the humidified gases was passed through the
electrode system and their values set. The calibrating gases
used were about 3>i> COg and 7$ CO^ (21 mralig and 50 nuriHg respectively).
The pH electrode was calibrated using standard buffers (Radiometer 
Ltd) at pH 7*301 and pH 7*432.
(d) Controls A further group of six rats was-kept in the 
laboratory but exposed neither to hypoxia nor to carbon monoxide.
(e) Mood sampling Blood samples from rats during chronic 
exposure were taken into heparinised capillary tubes from a cut into 
the superficial tail vein. Samples from rats during acute exposure 
for assessinguptake rates were from a femoral arterial cannula tinder 
■.anaesthesia as' described. ’
The results of the blood gas and pH monitoring are not recorded 
but the experiments were terminated if the arterial PO^ fell below 
85 mmHg; the PGOg exceeded .45 mmHg or the pH fell below 7*30. In 
most cases the rats maintained normal blood gas and acid base status 
for 2|- to 5 hours and then deteriorated* six rats maintained normal 
blood gas and acid base status for at least 4j hours which allowed 
an estimation of plateau levels of carboxyhaemoglobin.
(f) Weight The weight of the rats to the nearest gram was 
recorded before and after the exposure period.
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Resulte
fables 3*46 - 3*5^ 
Figures 3*23 - 3*25
Chronic exposure of rats to hypoxia arid to carbon 
monoxide (200 p.p.m. in air). Haemoglobin and ' 
carboxyhaemoglobin lewla after equilibration with 
. 200 P.P.m. CO in air, Sxperiment 1.
Intermittent Hypoxia
Hat K o , § ~ .. .    Weight M  , Haemoglobin (i^j ,_J H b C O j M i
Bay-^ o; : 34 0 12 /■ 34 V 0 34
1 ; 295 285 14*5 15*5 18*5 20*95 21*15
2 30 6 290 15*2 16*7 16*1 19*98 20*91
■ ^ 312 ‘ 300 15*5 17*8 18*8 20*60 20*61
4 285 276 13*8 13*8 18*1 21*13 20*53
■ 5 316 503 16*0 16*0 15*5 20*20 20*82
6 300 275 13*2 13*8 16*5 20*65 20*79
Kean 302 , 288 ■ 14*4 15*6 17*2 20*53 20*80
±§3 . 11*43 11*79 1*08 1*59 1*39 0*43 0*22
Continuous exposure to 200 p.p,.m. CD in air
RatKos- Haemoglobin T&)" HbCO (<£)
0 34 0 12 34 0 34
. ? 283 280 17*1 18*2 18*9 20*35 19*04
275 263 13*5 16*5 17*0 20*95 19*47
9 293 265 14*4 15*5 18*5 21*20 18*56
10 295 280 14*5 16*8 19*4 19*75 18*44
11 303 290 16*5 16*6 16*5 21*10 19*32
12 294 280 9*8 17*0 19*7 20*60 18*85
Kean 291 276 14*3 16*7 18*3 20*66 18*94
isi>. 9.91 10*32 2*59 0*87 1*30 0*55 0*41
continued TABLE 3.46 
Controls (non exposed)
T^J'o-r , __  Woiflht (p)  . ;.. HaemogloMn . HbCOC^
Day — > 0 3 4 0 12 3 4 0 3 4
: 1 3 .216 278 1 4 * 5 14*6 1 4 * 5 21*12 2 1 * 7 3
14 3 1 5 3 1 0 14*0 1 5 * 8 13*6 1 8 * 9 5 19*80
1 5 3 0 5 308 1 5 * 8  ;;: : - (&  f  . 12*0' 1 9 * 7 8 2 1 * 8 7
16 2 8 7 292 1 5 * 2 . 1 5 * 1 1 3 * 1 20*63 21*12
1 7 509 308 13*8 1 5 * 5 1 3 * 1 2 0 * 9 5 17*40
1 8 3 1 0 315 1 3 * 6 1 2 * 0 1 2 * 8 2 0 * 6 0 21*51
Mean 3 0 0 301 1 4 * 1  ’ 1 5 * 8 1 5 * 5 2 0 * 3 7 2 0 * 5 7
isu 1 5 * 3 3 14*00 0*60 1 * 0 6 1 * 1 3 0 * 8 4 I f  7 2
Days
COHb. (%) : Hb. (g%)
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Effect 
of 
intermittent 
hypoxia 
and 
of 
continuous
exposure 
to 
carbon 
monoxide 
on 
haemoglobin 
concentration
.. M 3LB 3 .4 7 ' ' . .
Chronic exposure of rats to hypoxia and to carbon 
monoxide (200 p.p.m. in air)* Haemoglobin and 
carboxyhaerno/?Iobin levels lifter equilibrium with 
POO p .p .th. CO An air#
Intermittent Hypoxia
HbCO -ft&Y
■ Day— >- .. 0 32 ' 0 12 - V 32 0 v 32 ;■ ■■
1 ': .: 305 285 15*2 19*5 17*5 16*80 20*33
2 273 262 15*2 19*6 18*2 17*95 19*69
•■' 5 296 .280 ;; 14*8 18*2 19*8 16*50 20*05
4 28? 285 14*1 16*8 19*7 19*70 17*64
5 295 281 15*2 15*8 17*2 21*65 17*66
6 303 ;^:;500 14*7 18*0 18*5 22*16 19*70
Mean • 295 ‘ 282 14*9 18*0 18*5 19*12 19*21
isi) 11*77 12*22 / 0*44 1*49 1 *09 2*43 1*15
Continuous exposure to 200 p.p.m. CO in ,air
:Hat;'Kos* WeMitJjs) Haemoglobin ( HbCO m
1)8$— ^. 35 0 20 35 0 55
7 . 316 298 ' 14*5 15*6 17*5 21*73 17*90
8 ■ 303 ■''■ ' 288 . " 13*6 16*4 17*5 19*80 17*85
9 285 271 12*0 17*2 17*5 21*87 19*82
10 297 283 15*1 14*8 15*5 21*12 19*01
11 285 280 13*1 15*3 17*0 17*40 18*16
12 255 242 12*8 16*0 16*7 21*51 18*00
Mean 290 277 13*5 15*9 16*9 20*57 18*45
iSD 20*03 19*32 1*14 0*85 0*?B 1*72 0*79
BatHos- . . . gelflht   . , . .  HatwojapMnlfga_______  HbCO (v)
0 -55 ■;■■■ 0 20 35 o 35
13 ■286',.': 285 ’ 14*6 W , . 14*5 ; 20*52 ■:-19*97'
14 ■; / M -  . 285 15*1 15*0 15*0 19*69 20*00
15 ; - 283'"":- 290 ' ’ •'■13*9.. ■ 13*6; 13*9 21*13:, 21*65
16 ' 893 14*8 14*8 . ‘14*7 ■■ 18*76 19*01
1? • '508- 310 14*7 "14*3 ; 14*2 21*22 21*56
18 31$ ■’ 515 13*8 13*6 13*5 21*00 21*38
Mem ■ ■ 295- ; 297: '■■■' 14*5 14*3 14*3 20*38 20*59
4-
-SB 14*57 15*27 0*52 0*60 0*55 0*98 ‘ 1*09
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Statistical analystb of wcl&hts* haemoglobin and 
car'boxyhaerno^ lo'bi.n changes in rats exposed to 
intermittent hypoxia, acclimatised to CO and 
controls CTahle:; 5*46), jjbmerimsnt 1
Intermittent Hypoxia■ r* mi mmm iw m m
:..Mean - SB •
nRmxmj________
■ ' Mean - SB ' ■ ' Mem - SB ■
Before exposure 302 - 11*43 14*4 i 1*08 20*58 i 0*43
if ter exposure 288 i 11*79 17*2-1*39 20*80 - 0*22
m 11 11 11 ■
t 2*088 3*702 1*115
p . > 0*05 KS 0*001<P<0*005 >0*05 NS
Acclimatised to GO
¥eiahts (ft) .-i:.Hb ...; .. HB 00 M ).
Mean - SB Mean - SB Mean £ SB
Before exposure 291 - 9*91 14*3 - 2*59 20*66 $ 0*55
After exposure 276-10*32 18*3-1*30 18.94 t o*41
BP 'I • ■' 11 11 11
;:t " : . 2*568 -‘ 3*406 6*141
p 0*025<P<0*05 0*005<P<0*01 < 0*001
Controls
Wei^ dits (js£L. -I-...Hb {^0. .:.. HbCO
Mean - SB Mean t sp Mean t SB
Bay 0 300 - 15*33 14*1 - 0*60 20*37 “ 0*84
Bay 34 301 t 14.00 13.5 - 1*13 20*57 - 1*72
BP 11 11 11
t ■ 0*118 1*244 0*255
P : > 0*05 ViS >0*05 MS > 0*05 MS
m E
3tatj.sticel-analysis of" weighty haemoglobin and 
carboxyhaemo/?lobin changes in rats exposed to 
intermittent hypoxia, acclimatised to CO and 
controls. (Table 5.47)
Intermittent Hypoxia
___
Moon - SB : Mbbxi - SB
J1DUU Osj
Mean - SB'
■ Before exposure' '293 * 11*77 14*9-0*44 19*12-2*43
•; After; exposure ■ "■ 282 i 12*22 18*5 - 1*09 19*21 - 1*15
PF': 11 v 11 11
■ t 1*588 ;■ 7*502 0*082
P > 0*0 5 BS < 0*001 > 0*05 KS
Acclimatised to CO
.SoMits 1 % ) . .. kb (tffi._ ... . . jibco X5lL_
Mean - SB ■ Afean -t SB ■ Mean t SB.
Before exposure 290 i 20*85 13*5 - 1•14 20*57 t 1*72
After Exposure 277 i 19.32 16*9-0*78 18*45 - 0*79
m  ' 11 11.' ■ 11
t 1*121 6*029 2*743
P >0*05 HS' < 0*001 0 *01<P<0*02
Controls
Weights (%) __i ift (fta  .. HbCO ($>\
' Mean -'SB ' ' \ Kean - SB Mean t SB
Pay 0 
Pay 35 
BP 
t 
P
293 ~ 14*57 
297 - 13*27 
11 
0*497 
>0*05 KS
14*5 1 0*52 
14*5 ~ 0*55 
11 
0*617 
> 0*05 NS
20*38 - 0*98 
20*59 ~ 1*09 
11 
0*351 
> 0*05 HS
TABLE 5.50 /
Uptake o f Carbon Monoxide in  Control Rats
(non-exposed). ( Anaesthetised)
Time * Rat Bo;- / COHb ^
o u r s 1/14 1/16 1/17 2 / 1 3 2 / 1 4 2 / 1 8 Mean S B  ±
1, '
4= «*» : 6 * 1 0 5 * 8 6
«•* 5 * 9 8 0 * 1 7
%  ' 10*00 9 * 7 5 1 0 * 9 3 9 * 9 5 1 0 * 0 3 1 1 * 5 5 1 0 * 3 6 0 * 7 1
1 . , 15*30 1 4 * 8 6 1 5 * 8 5 1 5 * 7 0 1 5 * 9 3 1 6 * 0 7 15*62 0 * 4 5
18*05 1 7 * 9 0 1 8 * 3 0 1 7 * 5 6 1 8 * 5 2 1 8 * 2 5 16*86 1 * 3 5
2 1 9 * 0 8 1 8 * 8 5 1 9 * 4 0 1 9 * 3 0 1 9 * 4 8 1 9 * 7 0 1 9 * 3 0 0 * 3 0
2% 1 9 * 5 5 1 9 * 4 5 1 9 * 4 8 1 9 * 6 3 1 9 * 9 5 2 0 * 3 0 1 9 * 7 3 0 * 3 3
3 1 9 * 6 0 2 0 * 3 4 1 9 * 5 2 1 9 * 7 0 . 2 0 * 0 5 2 1 * 2 0 2 0 * 0 7 0 * 6 3
% E 2 0 * 9 6 ■ e  V ' E 2 0 * 0 0 21*50 2 0 * 8 2 0 * 7 5
4 2 1 * 1 5 20*76 2 2 * 3 0 2 1 * 4 0 0 * 8 0
4 4 ;  '' 21*65 2 0 * 9 3 ' ■ E ‘2 1 * 2 9 0 * 5 1
5 . E  ■ ■.
:. , ■- ' ■
. E
.•
tm ■ ' 1 9 * 8 0 2 1 * 1 2 ( 1 7 * 4 0 ) 1 9 * 9 7 2 0 * 0 0 2 1 0 8 2 0 * 4 5 0 * 7 4
E «  Experiment terminated
« Equilibrium value assessed on same rat on seperate
~ ■ occasionf but not under anaesthesia. (See Tables
3*46 and 3*47)*
TABLE 3.51
Uptake of Carbon Monoxide in Rats acclimatised 
to 200 u.n.m. CO in air. (Anaesthetised)
Time Rat Kos~ / CQBtif * ________
Hours 1/0 1/10 1/11 2/7 2/0 2/12 Mean SB -
I - 1*90 - ^*40 - - 2*65 1*06
%... 5*85 4*25 -6411. 5*75 5*70 5*85 5*58 0*67
1 9*52 7*63 0*55 9*30 9*25 10*00 8*97 0*84
12*40 11*07 12*60 11*85 11*56 11*90 11*89 0*56
2 14*01 13*55 14*87 13*93 13*85 13*98 14*03 0*44
2f 16*06 15*32 16*60 14*86 14*93 15*00 15*46 0*71
3 17*05 16*13 18*00 15*25 16*10 16*25 16*46 6*94
3j- B 16*85 18*10 15*88 16*86 B 16*92 0*91
4 16*90 18*25 16*00 17*00 17*03 0*92
4| E 18*30 E 17*42 17*86 0*62
Mi
19-47 18*44 1902 1700 17*85 18-00 18*49 0*73
E - Experiment Terminated
=  Equilibrium value assessed cn same rat on seperate 
occasion, hut not under anaesthesia. (Bee Tables 
5.46, 3.47)
■TABLE 5.52
■ Uptake of Carfcon Monoxide In Hats acclimatised 
to Hypoxia. (Anaesthetised)
Time : . Rat Ho:- / COHb • ■ ■ ■
Hours 1/2 1/5 1/6 2/5 2/4 2/6 Mean S3) 1
'■ 4*00 . . —  ,» ;-  . 4*00 
i 8*05 6*92 7*65 7*40 4*35 5*73 6*68 1*59
1 11*95 10*99 10*85 11*12 10*00 10*89 10*97 0*62
1J 14*^0 15*51 14*50 14*40 12*25 14*16 15*87 0*st’
2 16*48 15*54 15*92 16*52 14*10 16*06 15*75 0*86
2fc] 18*15 17*59 19*05 18*70 15*20 .17*18. 17*64 1*38
3 19*30 - 19*85 19*20 E ’ 18*40 19*19 0*66
; 3i 19*61 18*54 l 19*96 19*05 19*27 0*66
4 20*00 E \ E ’ 19*20 19*60 0*56
4h 20*65 19*30 19*97 0*95
5 20*85 19*65 20*25 0*85
5i\ . ■ ‘ ^ : : • 19*70 : ;
X 6 / 1 9 * 7 0
\ : ■ ■ • ■ ' : ; E .
= 2 0 * 9 1  20*82 20*79 20*05 17*64 19*70 19*98 1*24
E = Experiment terminated*
=  Equililiriura value assessed on same rat on seperate
occasion, “but not under anaesthesia, (See TattLe 3.46, 3.47)
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Two way analysis of variance with replication conrparinff 
uptake of carben monoxide in hypoxia frronp with controls
Source of Variation W  Suib . of Squares Mean Square P P
Rows Hypoxia or 
Controls
■. Columns « " time
Interaction
Cell Brror ■
3
40
195*3545
559.5961
2*2535
23*7627
195*3343 328*8075 <0*001
186*5320 315*9905 <0*001
0*7511 1*2644 >0*05 IIS
0*59740’
Two way analysis of : variance with replication 
comparing uptake of carbon monoxide in CO 
acclimatised fcroup with controls.
Source of Variation BP Sum of Squares Mean Square P P
; Rows ■ * CO acclimatised ' . 
or Controls 1
Columns « time 
Interaction 
Cell Error
3
40
395*1935
517*9040
6*4882
12*9009
393*1933 1219*1209 < 0*001 
172*6546 535*2648 < 0*001
2*1627 6*7057 < 0*001
■ 0*3225
Two, wav analysis of variance with replication 
comparing uptake of carbon monoxide in CO 
acclimatised ctoup with hypoxia exposed ctoup*
Source of Variation BP Sum of Squares Mean Square P
Rows* CO acclimatised
or hypoxia 1 34*6635 $4*6633 $0*0842
Golusms * time 3 520*8491 173*6163 250*8543
Interaction 3 1*6615 0*5538 0*6001
Cell Error 40 27*6842 0*6921
:P' '
< 0*001 
< 0*001 
> 0*05 HS
Test o f s ig n ific a n c e  a t *plateau* concentra tion
of cartioxyhaeinoglobin between hypoxia, CO 
acclimatised and control groups (Student t)»
3)F « 11 Hypoxia Controls
Hypoxia — ' t# 2*5&99
p,0*025<P<0*05
co t. 5*5644 t. 10*4^55
p. < 0*001 p. <0*001
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Commentary on Results
Haemoglobin concentration and rate of CO uptake in rats
(CO exposed. hypoxia exposed and controls.)
Statistical analysis.
A two way analysis of variance with replication was performed on 
initial uptake portion of the curve (between § and 2 hours inclusive)* 
comparing the hypoxia exposed group with the controls# and secondly the 
CO acclimatised group with the controls. The rows in the variance 
analysis represent the experimental group whilst the columns represent 
time. Plateau levels, showing no time variation, were analysed by 
students wtM method* •
Hypoxia exposed group and controls. (Tables 5.46. 3/47, 3-48,
3.49, 3.50, 3.52, 3.5Q.
Intermittent hypoxia produced a hi#ily significant increase in 
haemoglobin concentration, (p.«^0-001) although the equilibrium level 
of carboxyhaemoglobin at 200 p.p.m. 00 was not significantly different 
before and after exposure (p «>0*05). The control groups showed a 
slight but not significant loss of haemoglobin during the experimental 
period (p « > 0*05). Again their equilibrium levels of carboxyhaemoglobin 
at 200 p.p.m. showed no difference between the beginning and end of the 
experimental period (p ® > 0-05) (Tables 3.48, 3.49. Figures 3.23, 3.24).
A comparison of the rates of uptake of CO between these two groups reveils 
that the control group takes up carbon monoxide at a highly significantly 
faster rate than the hypoxic group (p « <0*001). The ’plateau* levels 
after 5 hours in the hypoxia group is significantly lower than the level 
in the control grotip, although the significance is of a lower order 
(0*025^1 ^ 0*05) (fable 3.56, Figure 3*25). It appears also that the
■''rata'of uptake in the hypoxia exposed group is sufficiently slowed 
for there not to be complete equilibrium at five hours in this group.
It is likely here, as in the exposures before anaesthesia (Table 3*46#
3.47) that there is no significant difference between the groups at 
equilibrium.
CO acclimatised group and controls
There is a significant increase in the haemoglobin concentration 
between day 0 and day 34 of exposure in the CO exposed groups (0*00$< JX0*01) 
(Table 3.4$, 3*49 Figures 3*23, 3*24)* Mice the hypoxia exposed groups, 
the.CO exposed rate show a small but barely significant wei^it loss 
during the exposure period (0*025<p<0*05). The differences in 
c&rboxybaernoglob5.n concentration in equilibrium with 200 p. p.m. GO in 
air in respect of, the levels before and after exposure are highly signifi­
cant in Experiment 1 but less so in Experiment 2 (p «<0*001 and 0*01 <p< 0*02) 
The rates of uptake of carbon monoxide between these two groups show an 
extremely high order of significance. The F value in this comparison Is 
some four times that of the c&rparison between hypoxia exposed and controls.
(p «<O0O1) (Tbble 3*54).
The plateau levels of carboxyhaemoglobin are again different with 
the carbon monoxide exposed group having significantly lowered carboxy- 
haemoglobin saturations in equilibrium with 200 p.p.m. CO (p «<0*001) 
although it is by no means certain that the plateau has been reached in 
these experiments after. 4§ hours exposure (Table 3*51, Figure 3*25)•
CO acclimatised and hypoxia exposed groups
Both groups show significant increases in haemoglobin, as a result 
of their respective treatments (p « 0*001 and p «= 0*001). The grand 
moan of the haemoglobin rise in the two experiments, is 3*2g$ in the 
hypoxia exposed group and 3*7tfw in the CO exposed group. The haemoglobin
rises are therefore of similar magnitude as a result of the two treatments 
and it is therefore of interest to compare one group against the other,j*
The Plateau levels of carboxyhaemoglobin in equilibrium with 200 p;p.m.
CO are significantly different between the two groups (t « 9*80 p 0*001), 
after exposure but are not significant before exposure (t ~ 0*28, p «>0*05) 
in Experiment 1. This indicates that for a given rise in haemoglobin, 
carbon monoxide is more effective in producing a fall in'. o.arboxyfcaemoglpbin 
than is hypoxia. This trend is confirmed by Experiment 2 in that there 
is a fall In the mean carboxyhaemoglobin after CO exposure, but not after 
hypoxia, althou^i here the differences are not significant (t « 1*19 before. 
1*53 after* p «>0*05 in both cases). (Figures 3.23, 3.24)
C. Haemoglobin concentration mid rates of uptake of 
CO In rabbits acclimatised to CO and transfused 
with pa eked red cells. \
Methods .' ■ ■
(b) Xknosnre to Carbon Monoxide. Four rabbits were' 1 
-■-acclimatised to’ 200 p.p.m. CO in air by continuous exposure for 21 days. 
Previous experience had shown that after this length ©f time the haemoglobin 
levels began to'fall again (p 113); Ihe rates of uptake of carbon 
monoxide and the equilibration levels of CGBb at 200 p.p.m. were determined 
by exposure in the acute - exposure chamber and compared to the uptakes 
in four rabbits used as controls. •
(b) Transfusion with racked red cells. Six rabbits had their 
haemoglobin concentrations increased, by transfusion with a quantity of 
packed red cells from other rabbits. JBib donor rabbit and the recipient 
rabbit were cross matched by mixing a quantity of blood from each on a 
microscope slide. Ho evidence of haemagglutination was seen between any 
of the rabbits. Approximately 40 mis of blood was removed from the 
donor rabbit into m o  sterile 20 ml. plastic syringes containing approx­
imately 0*1 ml of a solution of 5*000 l*b. Heparin/ml. The blood was 
centrifuged in sterile glass centrifuge tubes and the plasma removed.
•Bio packed calls were twice washed with normal saline and recentrifuged. 
Finally the washed packed cells were transferred to a sterile 20ml. syringe 
and injected into the peripheral ear vein of the recipient rabbit. The 
haemoglobin concentration of the recipient rabbit was measured before and 
30 minutes after the transfusion* A further five rabbits had their 
haemoglobin concentrations increased by transfusion follov;ed by determination 
of equilibrium COKb concentrations at 200 p. p.m. 00. Uptake curves Were 
not determined on '-.these 'rabbits.
rabbits by pricking the ear vein with a sterile lancet after dilation 
with Xylene and collecting blood in a heparinised capillary tube. 
Collection of arterialiserl venous blood was thus achieved without 
anaesthetising the rabbits. .
ilflV Controls Four control rabbits of approximately the same 
:,age 'and-weight had their uptake rates determined in the same wa> chose 
that had been acclimatised to carbon monoxide and those that haa been 
transfused.with red cells.
Tvosul t.n
Tables 3.57 
Figure;.')- 3.26
Uptake of Carbon-Monoxide'in rabbits 'transfused
with paclcecl red cells. Acutely exposed to 
200 00 in air.
Time Rabbit Hog— it COHb
Hours - 5 6 7 8 9 10 Mean - SH
'-M ) 2*02 3*60 2*46 4*00 5*00 3*47 3*09 0*75
1 4*40 6*00 '■;4*63 • 6*41 5*39 5*85 5*45 0*79
1| ' 6*35 7*42 6*75 8*65 7*50 8*40 6*48 1*35
2 7*95 10*15 8*08 11*07 10*25 9*37 9 * 48 1-25
2| 10*03 11*69 10*31 12*35 11*07 11*54 11*16 0*88
3 11*00 12*65 10*90 13*80 12*75 12*04 12*19 1*11
?i: 12*25 13*80 12*20 14*60 13*25 13*28 13*23 0*92
4 13*0(5 14*52 13*26 15*45 14*07 14*09 14*07 0*87
4t 13*43 15*00 13*55 15*50 14*35 14*63 14*41 0*81
5 13*90 15*85 14*05 15*62 14*48 15*00 14*82 0-81
5i- 14*16 15*90 14*27 15-45 14*39 15*08 14*87 0*71
Mb before . ’ ' v
■transfusion (g$) --.-h
1 2 * 2  1 0 * 8  1 3 * 0  1 0 * 2  1 0 * 5  1 1 * 5  1 1 * 3 7  1 * 0 8
7Tb after ■ 
transfusion (g$)
“16-5 • 1 4 * 5  16*8 1 3 * 5  14*1  16*1 1 5 * 2 5  1 * 3 9
Increase 4 * 3  3 * 7  3 * 8  3 * 3  .■ \  3 * 6  4 * 8  3 * 8 8  0 * 4 8
Motes Plateau 14*84 f' COM!) - 0*73
Uptake of carbon monoxide in Rabbits acclimatised 
to 200 p.p.m, CO in air. (21 days exposure)
Acutely exposed to 200 p.p.m. CO in air 
Time Rabit lios^  ■/¥> COHb
Hours 1 2 3 4 Mean S^I)
i, 1*62 : 1*25 2*45 4*81 1*78 0*50
1 3*00 2*47 4*00 3*33 3*20 0*64
1| 4*55 3*85 ‘ 5*30 4*20 / 4*47 0*62
2 5*72 4*60 6*20 5-90 5*60 0*70
2i 6*42 '5*30 “ 7*25 6*81 6*44 0*83
3 7*23 6*12" 0°O5 7*82 7*30 0-86
■ 3h 7*95 1 6-65 1 8-80  ^ 8*24 7*91 0*91
4 8*40 ! 6*81 8*89 9*00 V 8-29 1-03
4i 8-81 6-85 9-43’ 9-50 8-64 1-24
5 8-95 1 7-00 ’ 9.92 9*84 8-93 1-35
5?y 9*00 7*03 ' 9*85 9*79 ;; 8-92 1-32
Eb ({$) Before 
acclimatisation
10-80 12-35 10-20 11-92 11-32 0-99
Hb ($0) After : • ' :
acclimatisation
15.65 17*05 14*85 ^ 6-30 15-96 0*94
Increase 4*85 ’ 4*70 4*65 4°38 4*64 0-20
TABLE 5.59
U p t a k e  o f  C a r b o n  I  J o n o x i d e  i n  C o n t r o l  R a b b i t s  
( U n e x p o F s e d ) .  A c u t e l y  e x p o s e d ,  t o  2 0 0  p . p . m .
C O  i n  a i r .
T i m e    R a b b i t  H o : -  / %  C O T Ib
o u r s 11 12 1 3 1 4 M e a n i s u
i * 4*40 5.45 5 * 1 3 6*00 5 * 2 4 0*67
1 7*92 8*86 9 - 0 5 9-20 8*76 0*58
i § 10*00 1 1 * 0 8 1 2 * 4 2 1 1 * 4 5 1 1 * 2 4 1*00
2 11*20 1 3 - 5 5 1 2 * 5 5 1 3 - 0 7 1 2 * 5 4 1*02
2§  ' : - ' 1 2 * 4 4 1 4 * 8 3 1 4 - 0 7 1 4 - 4 5 1 3 - 9 5 1 * 0 5
3 1 5 * 2 5 1 5 - 9 3 1 5 * 0 9 15*68 14*99 1«21
3 f 1 4 - 4 7 1 5 - 7 5 16*20 16*12 15-63 0 * 8 0
4 15*09 16*62 16*45 16-50 16*16 0 * 7 2
4 1 5 - 3 7 1 6 * 9 3 16*45 17-01 16*44 0 * 7 5
5 1 5 * 9 2 17*00 1 6 * 7 3 16*83 16*62 0 * 4 8
5 & 16*05 1 7 * 2 5 16*50 16.95 16*60 0 - 5 3
: « * > , 12*0 11*2 1 0 * 9 10*2 1 1 * 0 7 0 * 7 4
H o t e J P l a t e a u  16*64 -  0 * 4 7  S  C O H b
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Figure 
5>26 
Uptake 
of 
carbon 
monoxide 
in 
rabbits 
acclimatised
TABLE 3.60
Two way analysis of variance with replication 
comparing uptake of carbon monoxide in trans­
fused rabbits with controls (I? to 2 hours 
inelusive)
Source of Variation BP Sum of Squares Aean Square P
Row = transfused or 
controls
Coluirais « time
Interaction
Cell Error
3
24
. 81*1857 
206*4258 
3*1036 
24*7375
81*1857 78*7651 <0*001
68*8086 66*7570 <0*001.
1*0345 1*0036 > 0*05 P
1*0307
TABLE 3.61 :
Two way analysis of variance with replication 
comparing uptake of carbon monoxide in carbon 
monoxide acclimatised rabbits with controls 
(%■ to 2 hours inclusive)
Source of Variation 1)F Sum of Squares Mean Square P
Rows = CO acclimatised
or Controls 1
Columns « time 
Interaction 
Cell Error
3
3
24
257*8720
141*0157
15*4177
13*0485
257*8720
47*0052
5*1392
0*5436
474*3024 <0*001 
86*4564 <0*001 
9*4525 < 0*001
TABLE 5.62
Two way analysis of variance with replication 
comparing uptake of carbon monoxide in carbon 
monoxide acclimatised rabbits with transfused 
r^abbits. ( h to 2 hours inclusive)
Source of Variation 251* Sum of Squares Mean Square
Rows = CO acclimatised
transfused 1
Columns = time 3
Interaction 3
Cell Error . 24
49*2275 
112*7854 
6*5406 
20*3873
49*2275
37*5951
2*1802
0*8494
57.9556 < 0*001 
44*2607 < 0*001
2*5667 > 0*05RS
TABLE 5.65
Test of significance at *’plateau* concentrations 
of carboxyhaemoglobin between CO acclimatised, 
transfused, and control rabbits (Student t)
Transfused Controls
Transfused
CO
BP = 9
t = 9*3666
p = <0*001
BP = 9 
t = 4*3246 
p « 0*001<P<j0*005
BP = 7 
t ■« 10*9109
P » <0*001
Commentary on Results /
Haemoglobin concentration and rate of CO uptake 
in rabbits. (CO exposed. transfused and controls)
Statistical analysis
The statistical approach employed in the analysis of the uptake 
of CO in the rats was used here.
Transfused rabbits and controls
The transfused rabbits '.-...show' a significant increase in: haemoglobin 
concentration as a result of transfusion (Table 3•5 7) (t - 5*62 
p< 0*001), and the transfused rabbits have a significantly higher 
haemoglobin than the controls (Tables 3*57♦ 3.59) (t = 5*44 P  = <0*001). 
The uptake' of - carbon • monoxide is significantly slowed by red cell trans­
fusion. (p = <0*001) (Table 3*6o)
The ’plateau* levels of carboxyhaemoglobin are significantly lowered 
by transfusion as measured after 5ir hours exposure, although it is not 
certain that equilibrium is properly reached in either group (Table 3*63). 
The lowering of the equilibrium level by transfusion is only 1«00T COHb 
(16*64 - 14*84/ ‘ COHb) whereas the lowering of the equilibrium level due 
to carbon monoxide exposure is 7*72g (16*64 - 8*92^  COHb),
CO exposed rabbits and controls 
..The carbon monoxide exposed rabbits show a significant rise in 
haemoglobin in the first 21 days of exposure as a'result of their 
treatment (Table 3*58) (t - 6*92 p<0*00l). This confirms the earlier 
observations made in Section ii. .. The ' carbon monoxide exposed animals 
have a significantly higher haemoglobin than the controls (Tables 3*50* 
5*59) (t = 8*176 p =<0*001).
The uptake of carbon monoxide is significantly slowed by previous 
CO exposure (p = <0*001)(Table 3*61)
The ’plateau* levels' of"carboxyhaemoglobin are significantly 
lowered by .previous CO-'exposure'again confirming the observations 
made in Section ii. It has been noted that the lowering of the 
plateau level is considerably -'.greater as a 'result of previous CO 
exposure, then as a, result of red cell transfusion,' indicating that/: 
the lowering of this level is in part but not entirely due to the 
haemoglobin increase.'
CO exposed and Transfused rabbits.
It has been noted that both groups show a significant rise in 
haemoglobin concentration. The mean increase in the case of the 
transfused rabbits being $*88g/ 100 mis.''and 4*64g/l00 mis. in the CO 
acclimatised rabbits.
Table 3*62 indicates that the rate of uptake in the CO acclimatised 
animals is significantly slower than in the transfused animals (p =< 0*001) 
(Figure 3•26). The plateau levels are also significantly different, the 
CO acclimatised animals having the lower level (p =<0*0Q1) (Table 3*63)..
Do Relation of Haemoglobin Hise to Carboxyhaemoglobj-n
fall»
Table 3♦ 64* summarises the fall in equilibrium carboxyhaemoglobin 
saturation at 200 p.p.m. CO compared to the rise in haemoglobin produced 
by transfusion* The fraction is an index of the change inu  iiu
COlIbf. as a result of the change in haemoglobin. The mean value for
from transfusion is 0*523 - SB 0*276.A  I?b .
There is a significant difference in this index between the 
transfused rabbits and those in v/hich a similar haemoglobin increase 
was produced by prolonged exposure to 200 p.p.m. CO (t = 4*000 
p 0*001 <pc0*005).
There is no correlation between the carboxyhaero oglobin fall and the 
haemoglobin rise in the transfused rabbits (r = 0*0072 p =>0*05). In 
the groups of rabbits in which haemoglobin has been increased by previous 
CO exposure, there is a small progressive increase in the value of
as the exposure concentration increases, although none of the 
differences ore significant (Tables 5*65* 3*66). Comparing all the 
falls in carboxyhaeraogiobin saturation with all the rises in haemoglobin 
in Table 3*65 reveals no significant correlation (r = 0*3046 p= >0*05) 
again indicating that the one is unrelated to the other.
TABLE5^64 V
Equilibrium levels of carboxyhaemoglobin at 200 p.p.m. GO and 
haemoglobin changes in rabbits transfused vdth packed red cells, 
Equilibrium levels are the means of the COlfb^ . at 5 a**d 5§ hours 
for those rabbits in which uptake curves were determined (5-10) , 
and plateau levels determined by three consequetive samples at 
5» bE and 6 hours in those rabbits in which only plateaus were 
established ( 1 1 - 1 5 ) .  A  CGIfb is the change in equilibrium carboxy- 
haemoglobin level compared to the mean of the control (non- exposed)
Pabbit No. Equilibrium COHb 
at 200 p.p.m. CO
COIIb
A  ■ :''
, Kise in 
Hb(^)
AcOIib 
• AHb
6 5 14*03 ; 2*61 ; 4*3 0*607
6 ; -■ 13*07 0*77 3*7 0*208
. ;
7 14*16 ; 2*4S - 3*0 0*653
■ G 15*55 1-11 3*3 0*336
' 9 14*43 2*21 3*6 0*614
10 15*04 1*60 4*6 0*348.
11 t 15*00 1*64 7*6 0*234
12 ' 12*73 3*91 3*7 1*057 '
f 13 13*55 3*09 •.
sr.- 0*702
Vi- 17*40 -0*7 6 5*6 -0*211
15 12*71 3*93 5*0 0*786
Lean 0*523 - 0*216
•■■■■■ ^ABIE 5.65
Equilibrium levels of carboxyhaemoglobin at 200 p;p,m; CO and 
haemoglobin changes in rabbit? acclimatised to 200 p,p,m, C0# *
Equilibrium levels are the mean~ of the COIfb/'at 5 and 5& hours 
for those rabbits in vdiich up1 a! ^  curves were determined (a 1-4)# 
Equilibrium levels at 200, 300 and 400 p.p.m. CO determined else­
where in the study (Section ii and Section iii) are included for 
comparison, A  COHb is the change in equilibrium carboxyhaemoglobin 
level compared to the nre-accliraatisation level.
Rabbit Eo, Equilibrium CQHb 
at 200 p,p.eu
COJIb ; ;Rise in A CQHb'
A irb.(■&:) a  iib
a)?QQp.p,m.
1 8*97 7-67 4*85 1*5.8 '
2 : 7*01 9*63 4*70 2*05
3 9-88 6-7 6 4*85 1*45.
b)200T),p,m,
9*01 6*83 4*38
Mean
1*56 
1*66 t  0*27
' 1 0*6 8*1 2*3 3-52
2 9*8 7*4 5*9 1*25
3 7-2 8*0 6*4 1*25
4- :■■ 9*5 V':'. 9*6 6*9 1*39
C, M , , COITb at 300 t>,r>,m.
■. Mean . . .1.85 - 1*11
1 13*9 11*5 4*0 2*87
2 12*6 12*7 6*5 1.95
3 14*8 ■’is* 2 5.9 2*07
4. 14*9 - 11*5 6*6 1*74
5 v 12*8 6*4 5*5 1-16
■ 6 . 14*2 9-8 4*0.
Eean
2*45 
2*04 - 0*58
continued Table 5.65
Rabbit llo. Equilibrium CCilb CGKb Rj.se in A COIR)
at 400 p.p.m. A  * Hb (g/) A 5 lb
d)40Qp«p.m. .
1 17*5 13*5 5*5 2*45
2 17*6 14*4 4 .8 3*00
3 10*8 13.7 6*4 2*14
4 19*8 13*7 5*5 2*49
:/■ Mean : 2*52 - 0*
d/mificance between
concentration* (Table 5.65) Student t*
a) 200
B? 7
b) 200 t 0*33
p >0*05 KS
c) 300 ; t 0*37
to) 200
p >0*05 -Ji
d) 400
BI* 7 
t 1*50 
p >0*05 MS
])F 7
t 1*19 
p>0*05 1
E. Equilibration of Haemoglobin and Carbon 
Monoxide in-vitro 
■ ■' Methods
(aV Tonometry. 5 inis of blood -was removed .from the ear 
vein of a rabbit into a plastic syringe containing approximately 0*1. ml.
5f000 :IU/ml#; Heparin. This was transferred to a sintered glass ’bubble* 
tonometer of the type designed by Adams and Korgan-Ifughes (1967) • The 
construction of this is such that blood can be bubbled with gas for 
long periods of time with no detectable haemoconcentration from drying 
or haemolysis. Air containing 200 p.p.m. carbon monoxide (-5/9 
was passed through the blood column at a rate of approximately 20 mls/min. 
(Rank Precision Industries Ltd) Foaming out of the top of the tonometer 
was prevented by smearing a film of antifoam grease around the neck. 
(Midlands Silicone Ltd)
Samples were removed periodically for carboxyhaemoglobin analysis. 
Equilibrium was taken to have been achieved when four samples taken at 
half-hourly intervals differed by no more than -0»5!M and showed no 
evidence of a progressive increase.
M .  Samnle Three rabbits were equilibrated in the acute 
exposure chamber as previously described(p 58). The in-vivo • carboxy­
haemoglobin at 200 p.p.m. CO in air was therefore determined. On the 
following day blood was removed and the in-vitro equilibrium level at 
200 p.p.m. CO was determined. The rabbits were then exposed continuously 
for 30 days to 200 p.p.m. CO and the in-vivo and in-vitro levels were 
again determined.
Results
Tables 3.67
TABLE ^S.67
Co rhoxyhaemop;Iobin concentrations in equilibrium
with 200 p.D,mr CO in-vivo and in~vit ro „ before 
mid after acclimatisation
Pre acclimatisation  Post acclimatisation
CGHb (s') v" COHb (s') :
1 : \ 2 3 1 2 5
Babbit
(in Vivo) 16*81 16*79 18*00 11*51 12*00 9*95
Blood
(In Vitro)10*00 8*65 10*04 10*02 9*75 10*01
TABLE 5,68
'.•/'Summagy of means 'and standard deviations of 
data from Table 5.67 together with Student t 
analysis
3‘re acclimatisation Post acclimatisation
In Vivo 17*20 11*15 I)!’ 5
" . f i 0*69 1 1*07 t 8*252
p <0*001
In Vitro 9*56 9*95 DF 5
-0*79 ’ t 1*956
p > 0*05 j
DF 5
t 12*619
p 0*001
3)F 5 /
t 1*956
p > 0*05 ITS
152
Commentary on Results
In vivo and In-vitro carboxyhaemof&obin
concentrations (Tables -5.67 and 5.68)
There is a significant difference between the in-vivo and in-vitro 
equilibration before acclimatisation (p<0*001) but not after acclimatis­
ation (p >0*05) • Oh ere is a significant fall in the carboxyhaemoglobin
equilibrium in vivo as a result of acclimatisation confirming earlier 
observations (p «<0*001) • However there is no -significant change in 
the In-vitro equilibration ( p = > 0*05) after acclimatisation indicating 
that the fall in carboxyhaemoglobin is not due to any functional changes 
in the haemoglobin or the red cell, but is a result of a whole-animal 
response.
The difference between the in-vivo ?md in-vitro equilibration levels 
before acclimatisation may be duo to differences in oxygen status in the 
two systems - a phenomenon which will be considered -later. After 
acclimatisation the oxygen status may be more similar and so the in-vivo 
and in-vitro equilibrations are no longer significantly different.
IV 'The Relation of blood gas and Acid base 
change's to acclimatisation 
Kethods (Common also the sections G and II)
: (a) Blood - aus analysis POg* and pH were determined .
fusing the Radiometer 3F'S J. blood gas analyser as previously described 
(p 138). Standard bicarbonate was determined using the Radiometer 
blood gas calculator. The validity of this for rabbit blood was 
checked by determining standard bicarbonate from PCOp and pH using the 
calculator and comparing this to results obtained on the same blood 
sample analysed by means of a microtonbiaetiy;-technique • (Si&gaardv/indcrsen, 
)ngelr Jorgensen end Astrup i960). . In this method two small quantities 
of blood are equilibrated with gases containing two different CO^  
concentrations (.Radiometer Hicrotonameter Radiometer Ltd). 'Bie 
resultant pH#s of the blood samples are plotted against the bCOg calculated 
from the equilibrating gas cn a Siggard-Andersen nomogram (Figure 3*27). 
Thi3 method determines an individual slope for the pTf/PCOg relationship 
for each blood sample and is independent of species and individual 
differences, whilst the blood gas calculator assumes a normal slope for 
human blood. Standard bicarbonate estimations on six normal rabbits 
were within - 0*7 between the two methods, at mean Standard
bicarbonate of 23*9
m .  Oxyhaemoglobin Saturation. Oxyhaemoglobin in the pilot
study was determined by reference to a standard oxyhaemoglobin dissociation 
curvc, Subsequent saturations were determined by the method of Cole and
Hawkins (7 9^ 7) • This method has the advantages of being independent 
of spocies differences in absorbtion spectra and of the presence of 
carboxyhaeraoglobin both of which interfere v/ith photometric methods.
In this method a small known volume (about 0*5 rols) of blood is mixed
i T T T i l  i I I I I I I i I I i i I I I I I
L__SlGGAARD-iANDERSEN.CURVE NQWp.GPAMi:_
JT(T|!!.!! 11! n. p!.!
.i_ul-.. 084-201
60: Buffer 3asemeq/t:::
\  y ' .  ; + 1 0 . i • - - Standard Bicarbonate meqp-j-i-- 
^rr~ + -+ . . .v ■ „...........  .... . . . . . . . . . . .  t >.■ i.l >■«
;Vi- :_L pfc | ~ »s> ’ • s^ j ■ "-R. - ss -SNyv3
—Base -Excess meq/E
-H-b-
vej, Copenhagen NV., OeCopyright RADI ETEft A S, 72 Em
pH 6,9 7,0 7,1 7.2 7.3 7,1 7.5 7,6 7.7 pH
Patient's name: Barometric
pressure mm Hg
R EAD IN G S RESULTS
CO; Cylinder No 1: % Before Actual pH:
Actual Pcoj mm Hg
Dept: j Sample No.: percentage Cylinder No 2: % equilibration 8ase Excess mcq/l blood
Date: CO;
partial
pressure
Cylinder No 1: mm Hg Alter high Pcoy pH: Buffer Base meq/l blood
Hour of Sampling: Cylinder No 2: mm Hg
equilibration low Pcoj pH: Standard Cicirb. meq/l plasma
Remarks: Hemoglobin: , g/100 ml Readings made by: Actual Bicarb. meq/l plasma
Oxygen Saturation: percent Signature: Total C02 nteq/l plasma
Ktlerenctt: S.sgiird-Andmen. O. and En^el. K.: Scand. ). dm. La'j. Invest. 12.177.1900. 
Stgeaard-Andene*. O.: Scand- J. din. lab. Invest. tS. >»•.1‘*2.
Figure 5*27 Siggaard-Andersen nomogram for determining 
standard bicarbonate from Pco^ and pH*
anaerobically with a solution of ferricyanide and saponin at 37°C.
The saponin ensures complete and rapid haemolysis and the ferricyanide 
converts the haemoglobin to methaemoglobin, resulting in oxygen being 
released into physical solution. The PO^ of the blood ferricyanide 
mixture is determined and from this the quantity of oxygen in solution can 
be calculated from a knowledge of the oxygen solubility coefficient.
The oxygen content of the blood sample can therefore be derived. 
Oxyhaemoglobin saturation is calculated from the following equation.
0oHb Saturation (*) ' « ^ -^ Conte5t_Lvola.,^ ) ; x 100
2 x/7 Oxygen Carrying Capacity (vols %)
Oxygen carrying capacity is calculated from Haemoglobin (g$) x 1*54©
The accuracy of this method was reported by Cole and Hawkins (19^7)o
On 21 comparisons between this method and the van Slyke iSanometric
method (van Slyke, Neill and Plazin 1952) a mean difference of i 1*11$
,|
saturation — S3) 0*65 between the methods was observed. The mean 
repeatability was 0*59/^  saturation i S3) 0*55*
(c) Sample. Blood gas and acid-base determinations were made 
on eight rabbits before and after acclimatisation (whilst equilibrated 
with 200 p.p.m. CO in air) and on eight normal unexposed rabbits. The 
rabbits were handled gently and every effort was made to ensure that they 
did not become excited and hyperventilate before the blodd sample was taken. 
Although these precautions were taken the rabbits did appear to pant 
whilst being handled.
In a second series of experiments a total number of nine rats and 
10 rabbits were exposed to carbon monoxide (400 p.p.m.) whilst under 
anaesthesia. Arterial POg, FCO^t pH, EbUO, and Standard Bicarbonate 
were followed at regular intervals. None of the rats had previously 
been exposed to carbon monoxide; 7 were exposed to CO under anaesthesia 
and 2 controls were anaesthetised but not exposed. In addition 5 rabbits
(unexpoised) were used as controls and were not exposed to CO under 
anaesthesia* 4 rabbits were acclimatised to 400 p.p.m. CO in air 
and 6 were unexposed*
(d) Operative Techniques* Rats The rats?all 200-250 grams 
in weight, were anaesthetised by injecting 0*15mls* Veterinary Kembutal 
(Sodium Pentobarbitone, Abbott Laboratories Ltd) intraperitoneally, 
followed 20 ninutes later by a further 0 • 10ml* The trachea was 
cannulated and the animal connected to a "Loosco* pediatric ventilator* 
The right femoral artery was cannulated and Connected to a ,SS&atham*. 
pressure transducer read out onto an Elema Schonander recorder* Blood 
samples were collected through this cannula which was then flushed with 
a small quantity of Heparinised Saline*
Ventilation using air enriched to 30/^ 0^ was adjusted so that the 
arterial PCO^ j -qas about-40 mmllg. Arterial P0^ under these circumstance 
was usually in excess of 85 mmHg. After a suitable period in which the 
arterial P0o, PC0n and pH had stabilised, a small quantity of pure CO 
.was'introduced-via- a needle valve into the air + .'■■■Oxygen'supply ..to.-the 
ventilator, so as to raise the carbon monoxide concentration in the 
inspired air to 400 p.p.m, The concentration of CO was monitored 
using the Infra Red Gas Analyser*
Rabbits Rabbits Gf 5*5 to 5*0 Xg body weight were. , 
anaesthetised vdth 1 Dial* anaesthetic.* 0e5mls/Kgwas given intra­
venously and 1 •0mls/Kg intraReritoneally* ..A cannula, was inserted into 
the trachea, and the animal was ventilated using the ’Loosco* pediatric 
ventilator* The animal was ventilated vdth air enriched to 30} 0^  
so that the arterial PCOp was between 30 and 40 mmllg. The usual
*Dial: Allyl Barbituric acid 25g : :
" Ifono Rthyl Urea £00 g
Urethane 100g
.Distilled Y7ater 50mls.
conditions of ventilation were as follows:- 
Inspiratory time 0*6 sec, 40/:' of cycle.
Respiratory rate 40/min, Timitevolume . 1,000mls, '
Kaximum Inspiratory pressure, 10 cms. HpO,
A catheter was inserted into the right femoral artery and connected 
to a tatham* blood pressure transducer, read out into an El cm a 
Schonander recorder, The cannula, served also to collect arterial* 
blood samples and was periodically flushed with a small quantity of 
heparinised saline.
Of
Results
Tables 3.69 - 3.74
TABLE 1.69
Arterial . PCOp and pH« Oxyhaem o al obin 
saturation derived from standard raBbit 
oxyhaern o /?! obin dissociation curve (/J, tin an 
and Dittmer, 1961)
Pre-acclimatisation ____  Post acclimatisation
1 2 : 5 ' 1 2 5
P°2 V
77*0 81*0 83*0 105*5 98*0 95*0
OgKb Sat. 95 . 96 97 98 97*5 97*5
PC0? 29*5 27*0 2-9*5 31*0 58*5 52*5
PH 7*461 7*552 7*470 7*570 7*410 7*450
• TABLE 3.70 /  ; .
Significances Between the pre-acclimatisation 
and post acclimatisation values-for acid-base 
and Blood /?as analysis. Student t
Pro-acclimatisation Post acclimatisation______ _______
Bean - SI) Mean -  SB V  -
P02 80*3-5*0 99*4-5*5 BP 5
t 5*48
p 0»001<P<0*005
Sat. 96*0 - 1*0 97*7 - 0*3 W  5
• t 2*83
p 0*025<P<0*05
PC02 28*3 - 1*2 34*0 - 3*9 BF 5
t . 2*40.:" 
p >0*05 PS
pH 7*408 — 0*039 7*410 i o*040 DF 5
t 2*47 ■
1 p >0*05 FS .
Blood rcas end acid-base determinations of rabbits 
before and after .acclimatisation equilibrated with 
200 p . t ) . t t i .  CO an air.
1. Pre-Acclimatioation (acutely exposed)
Rabbit Hos- P0? Op Sat. PCOp A-.. pH : . std* iico.,-
jnmTfe ■p irmilfe K Ec?/b
1 75*0 95*0 27*0 7*461 21*5
2 82*0 96*5 26*0 7*432 20*0
3 03*0 96*5 32*0 7*445 23*2
V 4 ; 71*3 - 94*0 41*0 7*312 20*3
5. : 93*8 . 97*0 28*2 7*44^ ' 21*4
6 97*0 98*0 40*0 7*370 22*5
7 79*0 95*5 29*2 7*421 20*7
8 ■ 68*8 93*0 39*5 7*350 21 *3 B
Mean t SD 81*2-10*0 95*68^1*65 32*9-6*31 7*404^0*053 21*4-1*08
2. Post Ac c 1 i m at i s at .i on
Rabbit I'OS- ■ ; P0? 0p Sat PCOp ; pH v Std. JiCOv-
C,\~ iimTP? S; Fc/h
1 105 98*0 26*0 7*510 '-23*8 . :
. 2 101 98*0 27*5 ■ 7*462 " 22*0 '
3 115 98*5 24*5 7*553 3 25*2 .3
4 102 98*0 32*5 7*452 23*8
' . 5 ; 115 98*5 . 30*5 7*470 23*7
6 121 . 99*0 34*0 7*435 23*6
7 98 97*5 32*8 7*440 23*2
8 120 : 99*0 30*0 7*372. 19*0
Mean - 83) 109*62^9*13 98*3-0*53 29*8-3*44 7*462^0*054 25.03-1*85
continued Table 3»71
3* Controls (non-ennosed)
Rabbit Ko:~ PV 0p Sat PCOp ■PH Stdo RCC~.5
ramHfc ■ mmllp; - . ■ X ii’o/L
9 95*0 97*0 89*5 7*472 23*5
10 .114*0 c98*o 29*0 '7*450 22*0 4
11 . 105*0 98*0 , 26*0 v 7.5 1 5' 24*0
■ M  ". ■ " „ 100*0 . 97*8 28*0 7*500 24*6
13 , 118*0 ; 99*0 31*5 7*476 24*7
14 J 106*0 90*0 30*0 7*400 24*3
; 15 . v 91*3 ; ■ 96*5 , 41*0/ 7*309 19*9
16 .105*6 97*5 • a’7*0 "7*409 19*1
Mean * SI). 104*4-8*95 97*7-0*75 30*25-4*67 7*453-0*067 22*78^2-
TABLE 5*72
Significances' Between pre~acclirnatisation
rabbit a (acutely exposed to 200 p.p.m,. CD) 
and controls (•unexrx3se<:0 . Student t
33F t p
VQ? 15 4*689 <0*001
/ 'S a t 15 3*121' 0 *005<P<0*01
PC02 15 0*971 >0*05 HS
pH 15 1*633 >0*05 ES
•Std./HCOj- 15 1*604 >0*05 KS.
TABLE 5.73 . ;
Bi7an.fi cances 'between post acclimatisation 
raLL5.tr. (at equilibrium with 200 p.p.m. CO) 
and controls
W  t . p.
H)2 15 1*150 >0*05 I-S
. $SA2 15 1*848 : > 0*05
PC02 15 0*195 >0*05 Hi?
pH 15 0*300 > 0*05 KS
otd. TIC07- 15 0*244 >0*05 1:3
TABLE -5#74
Significances between pre-acclimatisation rabbits 
(acutely exposed to 200 p.p.m. CO) and post 
acclimatisation rabbits at equilibrium with 200 
n.p.m. CO
' 'HF' ■ - '.t -V ■■/■■''' p ■
P02 15 5*932 <0*001
03at 15 4*245 <0*001
P.COg- 15 1*224 >0*05 KS
pK 15 2-196 0*025<P<0*05
Stdi KCO^- 15 2*112 >0*05 NS
Commentary on Results
Blood gas and acid base determinations before and after 
acclimatisation. (Tables 5.69. 5*70, 3»71« 3*72* 5«75» 3*74)
The preliminary study summarised in Tables 3*69 and 3®70 shows 
that there is a significant increase in the arterial P02 and in oxy~ 
haemoglobin saturation as a result of acclimatisation® There are no 
significant changes in PC02 or pH although there is a small rise in 
PC02 and fall in pH indicating a tendency for an increase in respiratory 
acidosis® Whether these changes represent deviations from a nozmal 
base line or whether the pre-acclimatisation rabbits demonstrate acute 
effects which are subsequently reversed by acclimatisation is determined 
in the more complete study detailed in Tables 3® 71 aaid analysed in 
Tables 3®72, 3®73 a&d 3®74®)
It can be seen from all these results that the pre-acclimatised 
rabbits acutely exposed to CO demonstrate a very significant fall in 
arterial P02 and oxyhaemoglobin saturation, compared to unexposed controls® 
(Table 3®72)* After acclimatisation there is no significant difference 
in oxygen status between the acclimatised rabbits and the controls 
(Table 3®73)® This indicates that upon acute exposure there is a fall 
in P02 and oxyhaemoglobin saturation which subsequently reverses as a 
result of continued exposure. This is confirmed by comparing the pre- 
acclimatisation rabbits to those after acclimatisation (Table 5®74)®
Acute exposure to GO does not produce significant changes in PCOg 
pH or Standard bicarbonate and the tendency towards a respiratory alkalosis 
as a result of acute CO exposure, suspected from the pilot study is not 
confirmed®
o. rioori. and acld-hane changes .in the
rat under anaesthesia®
'othods
Boo Section F.
Results ■
Tables 3.75 - 3.05
Figures 3*20 - 3*30
Blood /-ran
TABLE 3.75 
eh an /res in the rat • Acute exposure to
JIbCO
400 p.p.m. CO in 50y 0« under anaesthesia.
Experiment
Time
c,
1
P02 1>C0?
0-ins). -amlhT mroH/?
74*9 46*0
10 50*2
20 ’ 82*8 39*0
30 82*3 41*0
40 ' , 83•0; 42*0 CO on
50 77*9 53*0 -. 4*39
90 75*5 6o*C 12*98
'no. ':.y/' 86*0 41*0 17*90
130 90*0 41*5 ■■■■ 20*95
150 106*6 47*0 26*50 .
180 86*0 54*0 29*07
240 104*0 45*0 31*10
Blood flas end acid-Base changes in the rat. Acute
exposure to 400 p.p.*a. CO in 30/' 0  ^under anaesthesia -
rbcperiraent 2,
• • V.- --
Time T0?. ?C0„*: ■ pH Std 1IC07-. . 3
KB CO
1-ins nraTTfr 'mraH*? ' !T m / h 0* [
0 85*3 55*3 7*321 25*4
15 92*3 42*6 7*357 23*0
.: 50 -' 103*0 41*7 7*358 22*8
60 105*5 47*5 7*353 24*0
75 105*0 44*5 7*340 22*9
90 93*0 47*6 7*353 24*2
105 95*0 45*8 7*455 24*0 CO w  :.
120 94*4 4 29*3 7*470 25*9 8*75
135 83*0 41*0 7*412 25*8 15*68
150 96*5 39*7 7*399 24*2 22*32
165 117-0 15*7 7*419 15*5 25*62
180 117-3 25*1 7*376 17*8 29*50
195 110*5 25*9 7*575 17*9 . 32*50 ■
210 108*9 28*9 7*363 18*6 34*46 : - V ; '
223 94-0 28*5 7*377 18*8 36*48 .
240 87*2 29*9 7*429 21*2 37*60
TABLE 3.77
Blood Rtts and acid-base changes in the rat. Acute
exposure to 400 p.P.m. CO in 30/' Q„ under anaesthesia*
/
Experiment 5*
Time PG„ PC0o pTI Std IIC07- 111)00
— .___ —  Z______ JL__ — 1 _______     2_____ ;_____
Mins rmnllg rnmH^  M Eo/h
0 68*5 63*7 7*174 19*0
15 73*5 68*6 7*136 18*1
30 104*8 57*7 7*194 18*9
45 f 104*5 56*5 7*193 18*5
60 105*5 49*6 7*235 18*8
75 115*3 41*9 7*250 17*6
90 116*0 44*7 7*263 18*9
105 109*5 38*4 . 7*306 . 19*0
120 110*3 33*2 7*299 17*2
135 108*2 33*7 7*302 17*5
165 103*8 .33*0 7*320 18*6
175 . —
180 104*3 26*5 7*340
195 107*5 27*6 7*327
210 113*7 21*0 7*314
225 117*6 18*1 7*287
240 129*1 15*7 7*260
255 131*2 12*4 7*207
270 130*2. ■ 11*3 7*106
285 141*3 ;11*3 • 6*996
300 140*0 14*6 ' 6*896
16*0 14*96
16*6 . 18*91 
. 14*2 22*91
12*8 24*56
11*3 27*84
9*8 27*00
8*2 28*12
6*8 28*20
5*0 28*20
140 PoCO ON
1 3 0
120
80
7 0
6 0
5 0
4 0
3 0
20
Pco
10
0 2 5 -
2 0 -
1 5  -
10-
Std.Hco
HbCO3 0
25
20
15
10 -
3 0 02 5 02001 5 01005 00
Time (mins)
Figure 5>28 Changes in POg, Pco^ , Std. HC0^~ and HbCO in the rat
after acute exposure to 400p.p.m. CO in  30$ 0^  under 
anaesthesia. Experiment 3*
TABLE 5.78
exposure to 400 p.p.m. CO in 30^ 0« under anaesthesia
Experiment 4-
Time. P02 PCOg PTT Std HCQ2
_p.
• m m  \
l.iins mmlfe mmH^ r . ..15 m/b
0 77*9 52*6 7*291 22*6
15 91*3 37*2 7*305 22*6
30 94*5 \ 41*1 7*364 23*0
45 93*0 36*7 7*412 23*8
60 96*5 40*0 7*400 24*5
75 94*5 40*0 7*395 ■ 24*2
90 95*0 41*2 7*390 24*2
105 94*1 39*5 7*392 23*9 CO on •
120 85*0 33*2' " 7*408 22*1 9*30;' -
135 85*6 26-2 7*427 20*2 10*50
150 06*2 19*2 7*435 17*6 25*50
165 85*0 20*2 7*507 16*2 20*50
180 79*0 22*0 7*540 15*4 32*00
195 73*0 22*4 7*332 15*2 35*00
CO ON120
110
100
Poo> 70
6 0
5 0
OJ
£  4 0  
3 0
Pco
20
10
0  25
20
15 Std.Hco
10
3 0
25
20
10
1 5 0  1 8 00; 15  3 0  4 5  6 0  75  9 0 120
Time (mins)
Figure 3*29 Changes in POp, ?co2* Std.HCO^” and HbCO in the rat
after acute exposure to 400p*p*m. CO in 30% Op under 
anaesthesia* Experiment 4*
T m m  3 ,79
T i m e
B l o o d  a a s  a n d  a c i d - B a s e  c h a n g e s i n  t h e  r a t *  A c u t e
l a 'e x p o s u r e  t o 4 0 0  p . p . m . . - 0 0  i n  3 0 . *> 0 k  u n d e r  a n a e s t h e s
E x p e r i m e n t  *j 
P 0 p
1 C 0 ? ■ PH : ' s t d  h c o 2.. ...._ K : . :  ....
;h b c g
( K i n s ) mrr-i l l*? v ; : M  P o / L  ; ' j •...
0 9 0 * 2 31*6 7 * 4 4 4 . - ■■■  2 3 * 4
1 5 ; 1 0 6 * 5 2 7 * 1 7 * 4 6 2 2 2 * 2
3 0 8 6 * 2 5 0 * 2 7 * 4 6 0
4 5  v- 8 9 * 5 3 0 * 4 7 * 4 5 9 2 3 * 5  . A
6 0 8 5 * 5 3 3 * 4  : 7 * 4 2 2 ■■ 23*0
7 5 8 5 * 0 3 0 * 4 7 * 4 4 8 ^ 2 * 9
9 0 s 92*0 2 9 * 6 7 * 4 2 0 2 1  * 1 CO Oil
1 0 5 8 2 * 5 2 8 * 0 7 * 4 4 0 2 1  * 5 0 * 0 0 .
1 2 0 8 9 * 0 2 2 * 9  ; 7 * 4 6 0  ■ 1 9 * 9 4 * 3 2
1 3 5 ; 8 4 - 0 2 3 * 5  ; 7 * 4 7 0 2 1 * 0 2 0 * 3 1
1 5 0 92*0 1 9 * 3 7 * 5 0 1 V  19 ' 6 2 1 * 5 0 :
165 8 0 * 0 2 2 * 2 7 * 4 5 0 1 9 * 5 2 7 * 2 0
1 0 0 7 8 * 0 2 1 * 5 7 * 5 1 0 2 1 * 5 17*00
1 9 5 70*0 2 0 * 0 7 * 5 0 0 2 0 * 2 2 3 * 5 0
2 1 0 7 5 * 0 15*0 7 * 4 9 5 17*8 ' ■■■ •“  4 .
2 2 5 5 7 * 0 1 5 * 5 ' 7 * 4 8 0 1 7 * 5 2 5 * 4 0
?55 50*0 1 4 * 8 7 * 3 1 5 1 2 * 4  . 2 1 * 6 4
2 7 0 50*0 1 3 * 9 6 * 9 8 0 6 * 0  . . 2 4 * 7 5
Time
Mood £■as and acid-5ase chants in the rat. 4 cute
exposure to 400 p .p .pi* CO in 30/* under anaesthesia
Experiment 6 
P02 . PCOp-: ■ V pH Std HC0-._______________: 2.
1Tb CO
(l!ins) mralfe • mmll/c '■ _ :..K. Eq/L _ f >r- - _ . . -_ /ri .
0 87*0 55*0 7*557 19*5
30 86*0 55*0 7*575 21*2
60 85*5 55*0 7*410 ; 22*2
90 92*8 59*0 7*576 21*0
120 110*6 59*2 7*571 22*8
150 101*2 57*0 7*590 : . 22*9 '■ ■'
180 97*1 59*4 7*570 22*8 CO Oil -
195 100*6 50*5 7*424 21*9 : ;■ 5*oo
210 106*0 26*9 7*566 17*6 16*20
225 97*0 26*2 7*400 19*1 20*00 ,;v
240 94*1 25*0 7*420 19*3 24*00 : ;
255 95*6 17*2 ,7*400 15*7 25*50
270 105*5 14*5 7*400 14*5 26*6o
285 111*6 10*4 7*198 8*5 25*80
TABLS 5»61
Blood ffas and acid-base changes in the rat« Acute
exposure to 400 p.p.m. CO In 30p under anaesthesia
Experiment 7
. ■ '  v ■ ■ . ■ ■ ■ ■
Time ro2 PC02 pH _ Std HC0-, HbCO
0-ins) mmH/r . rnmfe ' 1- - . ’ - c/L.I; j u
0 95*7 '■ 44*5 7*356 - 23*8
10 105*0 45*0 7*558 25*3
20 102*0 45*2 7*557 23*3
25 106*0 -54*0-: 7*554 19*8 6*39
40 102*4 52*9 7*548 19*1 16*67
55 105*1 24*7 7*570 17*3 22*79
70 105*5 24*0 7*551 16*5 29*16
85 94*5 28*2 7*349 18*8 31*84
100 87*5 29*5 7*505 16*5 34*60
TAn,:-: 5.a?:
I/.i.oou 'as .'-n:i aciu~8as.'' ch; n-':es in ;'e rat. 50-
C„ IHldoJl* r;y c?jj'a no i-0 emr-nnro.
Kxper iiMont 8. Control.
Time vot) W 02 p; I Gt- • IIC0v~
On im1) m-.'iitx r—.j’. ■ 24v I7Q9;/l4-3|
0 06*6 42*7 7*567 7%4 :85*2 .
15 50*7 ■ 45*2 7*385 25*8
30 102*2 ■47 *n ■ 7-405 ■23*3
"'j . 107*3 35 7*420 25*0
60 107*3 ✓ ■' ^ 7*43-0 23-0
101-6 3: *9 7*427 23*0
{JQ 103*9 40*0 . 7*420 23*0
10; ■4 106*5 41 *0 7*406 • 24 *6.\-8
+  •rs i'y1 < f . \J 106*2 ; 41*5 7 4;:T*4C=7: 24*5 4.
133 103*0 43 *2 ■ : 7*379 7 4- 24*0 .
150 . 103*7 40*6 .7*363 . 25*4
165 107*1 ' 41*2 7 7*373 03*1
160 ; ;■ 107*5 ; 42*6 3 7*; 75 .723*3
193; 106*9 40*0 ■77*3 7 8 :: .25*0
210 105*0 ,^9*8'-; 7*374;: ' 22*,; '
223 104*5 50*5 7*376 ' / . 88*0
2 40 103*1 37*7 7*330 20*5
233 107*1 39*1 7*381 19*8
270 108*2 30*5 . 7*304 10*9
283 106*3 57*1 ’ 7*830 . 10*0
T3.7LM■3.83
Blood ./m m .m A ixcid'-bcse" i * t • v i* 5 0 : p 0
untier ■r;ia. no 08 eyoo.r’ro.
*“V. /
I&»eri: oni 9. Control
Time } °? ■' poo2 5' PM • • iiJO
(Mir;:3) : -6m ;, calls ' ' 77- ,;19 l^ /l,
O' ;B0*5 : ;v 42*7 - . .7*312 -4 20*5;:" '
15 86*5 ■ '■ 43*0 8-- 7*510 ■ -44 20*547 7.;'
' 50 7 88*2. 42 *6 7*310 '4521*0 7
; '45"’. 87*5 2-3*0 7*510 21*07 3-. '4 7
60 -'A *2. '■7-944.7'. ■ 7*574 7 21*5 - 7 -
73 . >0*3' ^ .".42*0 47 *543 ">. .7 21 *B
90:: V50*0 ■ 45*0 7 : 7*555 " 21 *7
■103 ; 80*7 ■',' ; 41* 5 7 7*350 .47 21*97
'120 ' ; 51 *3 7-' 7 ;.; 57*98 -5' 7*535 ■ ; ■4; 71*0 775 8.4.7,
135 75*5 ' 5. 39*5" 4 .7*345 :5 :21 *04-7- 4
150 30*0 " 40•? 5 v;4;7*335 ■ 4: P. 20*7 7::; '777
165 06*8 "-V 41*6 74 7*320- :7 ■ . 20*5
100 ’ ; 9: .'35 • 3 .7 .740.59 . 7*512 20*5 7  ^ ;
153.: -.00*27 ■ 45 *3 7*;;57 20*0
210 82*3 44*0 7*282 15*8
223 ,35*3 : ;3442*0' '■ 7*5 •• 7 > ;4 ’ 7.1 !5* M ■ . - 7:3.
240 87*8:;' 45 * 1 7*281 15*2
2;>3 >0*5 ' .44*3 7*268- ' 13*0 - ■
270 ' . 50*2 ■ 43*55 7*053; ■ ■ (in.5 ' -
235 : :o*5 44*0 7*230 - 16*0 ..
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Figure 5.50 Change's in Po^, Pco^, and Std, HCO^ in the rat during
4f hours of anaesthesia. No CO exposure; inspired 0 ^ 3 0 ^  
Experiment 9»
i. i i i ‘,! A Vj q ft O i
ffvvo v/ry analyses of variance vath. replication 
comparing; pro- and post • exposure periods 
(iforpcricentc 2,5»4t5 and 6)
1. I 0;,
Source of Variation BP Sum of Squares Ltean Scrnare • P T)
Rows ~ Pro-exp, 
or' Post exp, '
1 7*7034 .7*7034 V 0*0394 ■ > 0*05 os
.Columns =s tire •'/ • 5 ■ ■1x6*1684;. . . .302336 G«2008 > 0*03 RS
Interaction 3 4 v 214*22-56; . t 42*0451 0*2000 >0*05 ' PS '
Cell.Error' ; £9 ■ S^376*i200 : - 195*3420 .
2. PCGp "V, ' -
Source of Variation PP. . Sum of. Squares Kean Square, P V
Rows - Pre-exp 
' or Post exp*
1 ' 2913*3743 ■ 2913“3743 06*4271 <  0*001
-Columns.-)? .time 5 .273*4815 54*6963 ; : 1*6226 > 0•05 ss
Interaction 5 . 291*7447 .■'v 59*3409 1*7309 > 0*05 OS
Cell Error . 48. 161 c»0320 •...53*7090 .
3. pH ' ■. : .
Source' of .Variation DF • Sum of Souares' •. Keoii Square ’ V .. '
'Rows. =s; Pre-exp 
• or Post exp,,
1 00260 ; 0*0260 . ; 5*9050 o*o.i<ixo*02
Columns = ti ne R✓ 0*0525 9 , ••0*0065' ' " ' 1*4772 > 0*05 OS:
Interaction 3. ' 0*0090 ;0*0019 7 '0*4318 . > 0*05 ss
Cell Error 43 . 0*2137 0*0044
continued Table 5,84-
4 * S td  HCO,.- "2 ; . . '•/' ."■f -
S o u r c e - 'o f - V a r ia t io n  1)F Sum of S q u a re s  lie an S q u a re  P t>
. Rowe.« Pre-exp 1 235*557 2$5#5577- - • 2 6 *6 4 8 3  < 0 * 0 0 1
0 o r  Post exp, ■ a
C olum ns = t im e -  5 .,60*5215 12*1043 7 1 *3693 • .• >  0*05' -tfS:
I n t e r a c t i o n  q 5 V 77*2413 15*4402 1*7476 >0*03 OS
C e l l  E r r o r  . 7 ; ' 43  4 2 4 *2 2 6 0  O' 0 *8 3 0 5
TABL13 9»Q5
Two way analyses of variance with replication 
corn paring control nad treated groups’ 
(H^DGrlrrients'5 and 4 treated,; 8 and 9 Controls)
1.
Source of Variation ])F Sum of : Squares Mean Square ■ F' . ...P . .
Rows ~ Control or 
treated
1 167*1152 167*1152 - • 0*5621 >0*05; RS . '
Colirois s time 4 11 4 ;67*7009 .6*1625 0*0207 >0*05 68
Interaction.. 11 253*5623 : .23*0511.. : 0*0775 >0*05 '
Cell' Mrror \ 24 7135*2450 297*3018 .
.2. .PC'6
Source of Variation DP ‘' Suiir-of - Squares Mean Square I’ ' r>
Rows = Control or
treated-:
1 1530*0675 1535*0675 140*0005 < 0*001
Uoliimns = time 11 1037*4243 f 94*5113- ■■,•>40*5709 < 0*001 .
Interaction 11 . ^ .942*9725 . ■ 85*7247 7*7979 <0*001.
Cell Mrror 24 263*0400 4 10*9953
3 , ’ pH ■"■ ' . , ; ■ ■"'■■ -t 4.
Source of Variation. . D1 * : Sun-of Sorarea - ■Form' Square ■ P. d m  d‘ ;; ■
Rons == Control or 
treated
1 0*02;8 0*025-1 5*9500.<g*ooi.:.; , ■
Columns = time 11 ' . 0*0506 0*0027 0*6750 > 0*05
Interaction 11 • 0*002-3 0*0002 0 * 0500 >  0 * 05 -1>
Cell i.irrorf O / 0*0970 ; 0*0040
continued fPsJble 5.09
4t:std'HC0—  ":;V'■;■. ' . :■■■"; ■ hv-V't'r
Source of Variation ])F S,:n of Squares' Tear Square ' F
Hons = Control, or 1 218*8785 21G*0?85 25*1572 <6
. ' treated . ■ - •. ■ ■
Columns = time. 11 178*2049 16*2004' 1*7125 >0
Interaction • 11 83*0790 7*5326 0*7535 >0
Cell lirror 24 227*0350 5*4597
JI— ^  
001
05 i’o
05 1:0
• Commentary on Kosu3 is
■ Hood gas and acid-base changes in the rat,
Htatisilcal analysis .
A two way analysis of variance was performed on the six observations 
for each of the blood.gas and acid base variables, before the introduction 
of carbon nonoxide and on the six observations immediately after the 
carbon non oxide was turned on. The-results of 'bcperiroents 2,3 *4*5? and C 
were used, as replicates (Table 3«$4)* .
A second two way analysis of variance was performed in which the 
two control experiments were compared with two of the CO exposure • 
experiments. In this ..model the i' o experiments' "-were the replicates 
and the columns represented tome an which; twelve observations were . 
included (six either side of the introduction of CO in .'.the exposure 
experiments, and. an equivalent time-rolated. number from the control 
'experiments) (Table 3*65)*
Arterial ' PCW
In some of the experiments there was, a tendency for the to fall 
immediately after the introduction of carbon monoxide (e.g. experiment 
4* 5)* However this was not always seen and the variation within 
experiments and .between experiments resulted in a non-significant change 
between '.the pre and post exposure periods, and between the control and 
treated- experiments. (p = >0«05)
Arterial PCGp
All of the experiments demons irate d a progressive fall in PCO^ 
after the introduction of carbon monoxide, Neither of the two control 
experiments showed a fall of PCOp over an equivalent period of time under 
anaesthesia, both statistical analytical approaches reveal a highly 
significant fall in PCOp as a result of the introduction of carbon 
monoxide (p =<0*001),
H.M . ..J . ; g'm/W. " ‘ -..y - yV; :Wy';V'
.Arterial pi! .
Jn nil but one of the experiments (Experiment 7) there was a 
small increase in pi I in the first sample taken after the introduction 
of carbon monoxide, for several subsequent samples the pH was 
maintained at about the' pre-exposure value despite the fail in PCG 
and Standard bicarbonate* - Towards the end of each experiment there 
'was .a fall in'the pH,
v.There was a significant difference between the pre and post 
exposure periods (o*01< p< 0*025) (Table 3*84) and also ‘between, the 
control and treated experiments (p = <0®001) (Table 5,05),
Standard Bicarbonate '
Hie introduction of cerbon monoxide resulted in an immediate loss 
of plasma bicarbonate with a consequent fall in the standard bicarbonate 
‘There was a highly significant difference between the pre and post 
exposure periods and also between the control and treated groups.
(p =<0*001 In both cases). ' '
Ibi!
Summary
The introduction of carbon monoxide in the rat under anaccthc 
and with constant ventilation results initially in a compensated 
metabolic acidosis characterised by a loss of plasma bicarbonate 
and carbon dioxide but with the maintenance; of a normal pH. fore 
prolonged exposure leads to a further loss of bicarbonate and a 
fall in the arterial pH. /.there are no consistent effects on the 
arterial PO^.
?>lood ran and ncld-baso changes .in the Kabbif 
under anaesthesia. Comparison of acclimatised 
and imaccllraatlsed rabbitr,»
fethods .-
• See Section J",
.Keniil ts ■ ■
Tobleo 3.86 - 3.102 
3Pigures 3^ 31 - 5*35
flood gas G.'-.d' a'cld—baso cV'r.gecs in the rabbit. 
Acute exposure' to AGO p.n.m, GO in 50,, CP, under - 
anaesthesia*--• Erueri; :ent 1. Unaccli:-Seti;*rd Rabbit
Time CO, iitu JOCJ.. HbCO
v, ■
JlL
50
60
90
120
150
100
210
240
18/
57*0
50*5
70*0
7*43
7*47
7*47 :/*0 co o:
84
76
46
46
ft--/i
m
30*0 
27*0 
29*0 
25*5 
21 *2 
20-0
7*44 
7* 48
7.44
7*45.
7*42
7*40
22*5
25 *u 
22*0 
20*9 
17-9 
16*7
11*62
12*40
17*30
39*68
21*00
24*21
TABLE 5.07
Blood gas and acid-base changes' in -the' -rabbit. 
Acute exposure to 400 p.p.m. CO in 5G;3 0o ■ 
uncier anaen thes ia * '
l&Derircent 2. Unaceliisatieed rabbit*
Time ■ P02 . BCD,, -v PH ; U VU A ^ ». .. ....3. . .
IfbOO 5
ranH# . . H Eq/L- ■ ■ a ,
0 ;B2 3 20*0 , 7*52 , .21 -O'
50 ,59.p: 27*5 -v 7-48 ■ V 23*2’3 A
.45 0  - 61 ; 29*8 ; 7*46 . :? 23-2. 5
.60 ! 74 ■ v 31*0 7*46 4' V. .24.2": ..
.5° , 60 ."■;3o*5vr 7*40 3 ... 524*8' 3
105 55 30*0 '• '7*40 . 24*6 3*09 3.
120 58;-■ 25*0 7*45 22*5 5.50
155 56 7-44 20*0 8*50 :
165 61 ■■■ 21*0 7* 35 :?16*9 V' . 10*40 :
160 62 18*6 7*50 3 3 13*2 12*50 ■
155 68 ■ 16-5?. " 7*13 3*5" ' . ■. 12*643
TABLE 5 .3 8
Blood, #as and acid-base changes in.-.the rabbit. . 
Acute exposure to 400 P.P.m.. CO -in'"'50% Or- under
rabbit 
Time POg ?G0g > pH . ■ ■ ■ ■.■ Std/liOO.:.. .0 . .
vITb00- _
(Mins) > isnmff; jm'n.llp; M Eq/L . . , „ .. . .
0 ; ni8*o 7*525 ' 20*1
30 V ■ , - 31 5> > 10*0 7*525 20*2 >
60 ; 73 ; 35*5 7*360 ■ 20*6
75 104 3>0 , 7*360 4 21*4
S:0 105 > 30*0 7*365 01*8'
105 105 : ‘57*9 ' 7.370- 2,V*0 ' CO 01! :
■iso . Q5-V;. 36*9 7*300 18*2 1*74
135 v. ' > >34*9,':n 7*250-,;■■';:■ 15*0/ . ; ~
130 70 5 34*0 ‘ 7*060' 10*0 : > V 0*00
■165 65 . 35*0 > 7*000 2*0: 10*11
CO ON
120 -
110 -
iooi
cm 5 0
? 20 H >
Std.Hco
COHb
1 2 0  1 5 0  1 8 0
Time (miis)
Figure 3»3i Changes in Po2, Pco^ , Std. HCO^" and COHb in rabbit
(unacclimatised) after exposure to 400 p.p.m. CO in 
30*fc 0^ under anaesthesia. Experiment- 3*
TABLE 5.89 ,
Blood gas and acid-base' • changes in the rabbit.
Acute exposure to 400 -p.-p.m. CO in gOa 0^ under 
anaesti ;esla. Bxnerinent 4« IJnacclimatised
rabbit
Time , P02 . ■ POOg ' V; - pH ; Std i:i - ; llbCO
(Mins) mmlig. • ismHg
’ )  ^
i3£q/L 3 C'f..  /-■ ..__
0 165 15-0 7-680 24*6
30 182 31*0 7-480 ' 24-9
60 . 159 31*0 7*480 25-2 3 .V M ' ■
. 30. , 135 : 31 *3- 7-480 ., 2p* T3 ; '
: ’ ....
120 : 130 m 53 *0 . 3 :7-463' .73.;.; 3 2 5 *7 7 7 co .on
135 ■,■■100 56-0 7*453 ‘; 7:, .25*2 3*20." :
150 3 3100 33-0 7-410 22*2 3-65
*165 7 . 112 ■ >: 33*0 - 7-410 22*2 5*05
100 -Mi 111 7.,33*0;.' 7*410 a 22*2 ; 7*50
'193 101 30*0 ' 7-450 3.7 7 22*9 - .■ \ .
210 -35..: : 30*0 7; 7-450 23-3 8*50;
225 ■' 96 50-0 7-472 24-2 0*60 .7 .
331 cod /ras and
TAJvLi-; 5.50 
ac i d-base chanoes in the rabbit
Acuto GXt)OSUIY> to 400 p.-p.m. CO in 506 0„, 1121 dor
anaoGtVicnia-
.... . r.;
Hx-por.ir.-.oiit 5- Unacclirnatiscrl
rabbit •
: ..
T'ix’e ' i og' ' i.C02 * p;I otii -liCOd.-Ll-.iA:.,A -I.:-::.
I{b CO
(Virus) mr'ilir. ' ' ' ■ r .-3a/L ('. _:
0. 102 • 41*0 7*410 25*6
30 100 .4.2*0 7*400 25*2
60 105 40*0 7*410 ; . 23* 1 CO Cv-
.90- . 56 . 45*0 7*575 25*0 5*62
120 '• 47*0 7*500 21*2 ■ 5*20..-
*30 , 0 0 85 44*0' . ; 7*250 10*0 6*44
180 GO 45*0 7*260 10*5 10*50
TABLE 5>91
Blood gas and acid-base changes in the rabbit ' 
Acute exposure to 400 p.p.m. CO in 30/( 0^  under
anaesthesia. Experiment 6. Unacclimatised rabbit
Time PO^ PC02 pH Std HC0, 
J
5 irbco / 4
(Kins) mmllf? mmlfe M l  Eq/L %
0 .. 124 31*0 7*470 24*4
30 139 51*0 7*470 24*4
45 120 35*0 7*440 . 24*6 CO Oil;
75 122 44*0 7*300 20*3 5'5 *85 .•
90 93 43*0 7*250 17*9 ■ : 8-00
105 09 42-0 7*250 16-8 10*35
''■rlZ' 5>92 ■ • -
Blocd i r anti acid-base chm;:cG in the rabbit
Acute'exposure to 400 T > . ?.*• 00 ill 305* 0^ under
anaesthesia. i erne risen i 7. Habbit prevics’sly ,
acclimatise;? to 400 p*p;n* 00
Time k >2 rc,2 P2 *;?tu lib 00
(hins) himH- ' rrnJh; ■ ■ 20/L ■ ,-t ■
30 150*0 30*3 7*431 2?*1
43 152*7 31*2 7*452 ..■■22*6 CG
60 131*3 ■ -31*2 ' 7*423 22*2 2*00
T j •; :152*2 : 21*0 ■ 7*480 15*5 0
>0 151*0 20 • 0 . 7*485 ■ .20*0 ■ 3*75
103 151*0 10*4 7*512 19*9 -
120 152*5 • 20*0 7*483 15*7 ■J*29: ;
135 155*0 17*5 7*415
150 , ■ 145*3.. 14*7 7*556 V ’: 13*5 8*33
165 150*0 11 • 7*343v' 0; ; • 12*2 -
100 140*5 ' : ; 6*0 7*283. . : : 9-2 rn . 3*35
AA3LA 5 *9 5 --: - - ■
. i-'loou ; es a/1 ; elH-'br\.o cV\-rer, in ito r Abb it
. Acute exooaure to 400 p.n.ia. CO in B07 xeder.
anaentbeciu. the; crinent 8. Ral/blt •previoxe]y
accliratiaru to 400 T).p«n. Co
AiijiC* j. Op ..jr/COp ••:• -pH liCO.,- • ubGO.
(Mins) - nmttr i r r a E a n - M . ;3g/h o~ ■ ■ <■ : ;b' ■
0 11C . 19*5 • 7*405 15*4
13 110 22*5 7*439 13*8
1*0 ■ 100 29-5 7*445 ■ 22*5
457 ■ 95' 30*0 7*4-5 22*7
6o 100 30*0 7*4^ 5 22*7
75 90 25*0 7*450 ’■22*6
ClA 08 31*5 3,7*380,- 19*2 ■7 '2*25
105 03 28*0 7 7*325"/9 16*8 ;3*50•
120 7 83 25*0 . 7*2903.3 : 14*2 5; ' 4*26
135 ; so' 22*5 7*185 1-1*2 5*15
CO ON
120
110
v
100 -
90
80
OJ
8 7 0  “
0,
. . .  6 0  “
cT* 5 0  
cu
4 0
1 r
-A— A-3 0
^ Pco20
10
15
Std.Hco
COHb
rQ
Xo
u
1206 0 903 00
Time (mins)
Figure 5.5'P Changes in Po^ , PcOg, Std. HC0^~ and COHb in rabbit
(acclimatised) after acute exposure to 400p.p.m. CO 
in 30^ 0^  under anaesthesia. Experiment 8.
.1:1 ood /’.7 r, aud acid-lVase ehariaor, ir the ratnSit. 
Acute oxpoGu.rr- to 400 p.p.:,, CQ in 503 0^ under 
auaer.thcaia.:. Ifepe^iident 9.' Hab'blt rroviorcly 
ncciinatined ' to 400 •p.p.n;. CO --
Title P02 FC02 pi; otci j?005~ iibCO
Jj4nr>) mml-Tn* - - Ffnlly • I,- Bq/l.
0 Og.Q 31-2 7*450v. 25*1
15 125-0 50*7 7*440 22*2
50 - 125 *5. 30*5 7*420 21*2
45 126*0 30*5 \ 7*420 21*? 00 CI-F
.50.' 112*2 30*6 ■ .7*420'; v; 21*2
GO 121*7 26*3 7*410 19*0 3*12
:75 /i;:■ ' ./.55*7. 2 o • 7 7*4bo 19*6 3*66
50 - 105*3 27*5 ■ 7*350 ■;3 ■ 4 18*5 . 7*01
105 103*0 r(*;i : 7*300 18*3 8*92 . ■ ■
120 100*8 23*7 7*330 16*6 9*80
135 100*3 25*7 7*570 17*0 11*00
150 110*0 24*0 7*250 13*6 11*60
B l o o d  i-;as a a a  a c i d - l j a ^ o  c h a n c e s  i n  t h e  r a b b i t .  
A c u t e  e x p o s u r e  t o  4 0 0  G O  i n  5 0 . ' -  u r u l o r
a / m e e t h e o l a .  i C x p e r i r n e n  i. 1 0 .  B a b b i t  p r e v j  o n s l r  
a c c l i m a t i s e d  t o  4 0 0  p . o « r.-» 0 0 »
Time p() j*00rt-
:v>'. •: .5 £C ' :: pH Szci ..'iCO.,. "
;ibco
(dan3) . malic finufe; id Bo/I. ___:4. .
-0 96 20*0 7*450 22*0
15 ■ 96 . 30-2 7*440 22*1
30 -105 30 • 5 7*450 22*3
45 105 32-6 7*430 22*5
60 102 33*2 7*430 24*0
75 100 31*0 7*440 22*5 CO
50 94 30*5 7*420 21*2 2 • >6
105 9.6 : ■ 2?-7 7*400 20*5 4*00
120 ; u7 28 "5 7*370 18*2 ' 5*32
155 103 27*0 7*230.' .14*6 ; 6*0 5
150 x  ,100 ■ . ■: 2: *2 \ 7*160 11-6 6*60
165 110 26*5 ■; ';o 7*750 i 11*3 7*04
100 ■ ■ 115 .20*00 7*140 11*0 8*10
: .fo.Uir; 5.56
- ■ Blood rr.c r, .0 acid4j;Cie ch-raes in tho rabbit
50,' Op ii>)dor anacat o..ia yitb no 00 ennoauro 
3banorii .cni 11, Unacc.Xi1 aai.vjct! control rabbit
Tine ’ P0o 0Cao pH Std HOG-.-
( I ' in o )  :r>-H. rr.liy  3 I h / L
• 0 obo lOOoo:; ■ 26*0 7*540 26*5
15 105 26» 8 7*400 15*5
50 ■■iA/• l\*"4 29*0 7*500 19*2
45 5b • ■ -33*1 7*210 74*0
75 ' ion ■ 51*0 7*100 12*0
50 • 105 51*0 7*250 .. 14*8
105 ; ,105 '- ■ 47*0 . 7*250 .1(3-0
155 112 47*0 . 7*240 10*5
105 110 ;-V'55*0- ; 7*240 4 16*2
180 150 '44*04' 7*550 22*0
210 152 55*0 7*510 17*7
240 ■ 152 / 57*0 7*550 20*2
270 150 ' 45*0 '.. 7*510 , 22*6
(Initial acidosis due to blocked treacheal cannula* Glearod 
at 45 iiinutes)
-LOloorl rTas o.ml c^id.~bpx>o clian-res in the- rabbit. 
30/ 0„ yndor a?>eoctiior.i*: vitb no CO exposure'*-
. <£, ; / * - • " ■ * ■  *•<"•• t*1^ * " *> "*  j>« - w. j u . Jl1" 1^ - " 11 r <7" l'"' n m w i T n r i M .
£j:i>oriPcnt 12; Unc/scliraii c:od control rnb1i.it
Tiiio ro? S'GOg pd otd :cu
(i'.in fi) mi-?: r.- }{■>■_______________ l\ T>,/h
0 110 2; *8 7-508 25*0
2A
■_....
PS'v J V / 50*0 7-500 • 25-5
60 07 30*0 7*5'K 25-5
. ./U B7 7*400 25-1
120 . 00 02-0 7-4GO • 25*3
150 06 . 32*0 • 7-478 ,  - 25*2
100 . 03 ... 32*3 '. 7-475 • 25-4
210 : 83 32*o 7*470 ■ 25-1
225 84 .32-3 7*470 ■ 28-0
St
d.
HC
O
110
100 -
9 0 -
PO
8 0 -
7 0 -
60"
5 0 -
4 0 -
A PCO3 0 -
20 -
10 -
o-
O Std.HCO25 ‘
20 “
\  1 5 -
10-
603 0 9 0 120 1 5 0  .180 210
Time(Mins.)
igure 5.33 Changes in Pco^ , and Std. HCC^  in the rabbit
(unacclimatised), during 3i hours of anaesthesia. No 
CO exposure; inspired 0^  30/c. Experiment 12.
TA-Li: ,5*5'8
. v,;- Ilool i >? r> p .0 acicVbase chanoo-s in the ralVbit.
y0/: Q„ unoer anaes'tPesia viiH no 00 ev-ncntire •' ,r ,’,r_r^ 1 
jtcpori’.-ont 15 Hnac elioa ii e od control rahldt
Tine -
;02 vc°p pO
Utd i ■ 00.,
■•■ ■.■:'mmJrlf?i- 4' s ' rn.’i’iliit - :: r, Pa /l
0 -34*0 7-270 16-4
50 ■ 120 32*0 7-210 15-0
60 10:i 37-5 7-25*0 16*4
50 102 3 6  •O'y. ' ■^47*2^>'v:V v/".-' 17-7
120 112 37-0 7-530 0 0 20*5
150 ; 103' 4; 7-505 ' 4 21-?
.130 ; ;:114 -33--0 '7-420 ••22-8
210 V / : ,102 30*0 7-350 ; 23-0
240 ;- 102 ■ . 37*5V;:' ?4  7-393-' -' 23-3"'
270 100 ; . 50*0 . ■0 7-380 4 22-3
500. 102 ■ ,37-0 . 4: 7-305 . 22*5: 4
(Initial ■ acidosis due to ■"'tracheal:- haemorrhage. ; Cleared 
at 30 minutes)
’gAI&B 3.99
Ifeo y/ay analyses of variance with ■reniicati on 
eomprtri-:-'v pre- and -post exposure periods. 
experiments 2?5 and 4)'Unacciirr.atisod.-rabbits
1. ?o2
Source 'of "Variation J)F Sir-, of Squares c ,~t Scraare P V
'.Rows’ - Pre exp
or -Post exp. -f
1 ■■^ 243*3730 • ,2 ^ .3 7 5 0 - 2-3297 >0*05 MS
,volmms-as time ' 5 107*7913 35*9304 46 0*0258 >0*05 43
•Interaction1 ■ 3 ; 16*1985 5*3395 ; 0-0038 :>o-03 os
Cell Jirror 16 ; 22274*666? - ■ 1592*1666 "
2. PCO?
Source of Variation ' dp Sum . of Snu'ires '-• V.eon - Saiiare P v
Rows ~ Ire exp 
. or Post exp.
1 11*3338 11-9588 0*5954 >0-05 43
Columns ~ time 3" 0-0397 2-6759 V0-1356 > 0-05'. PS
Interaction 3 : f ; 49*6660 4 16-5553 0-8256 >0-05443
Cell lirror 16 • 320*8067 20*0504 ■' 4
3. pH
Source .of Variation .bp Simuof Sciiaren Peau Souo.ro • 2‘ p ,
liovxj =s Pre exp : 
or Post exp.
1 0-0609 0-0603 2-3063 >0-05 43
Columnr*. ~ time 3 0-1210 0-0406 1-5573 >0-05 48
Interaction 3 0*0224 ' 0-0074 0-280;. >0-03 43
Cell terror 16 0*4238 0-0264
continued Table 5.99 • > :
4# Gtd
.3. -mi,;,,- '• - jVV - . /■ ■> ; , .. / . • , ‘ . ' .
ootpece of Variation 1?? Sun of Squares Poe.a Square . ?
Hov;g = fro c:ro 1 120*1537 120*1537 7*1179
or .Post exp. - . • .
Columns = time.. 3 27*5746 9*1515 0*5445
Interaction ,3 52*4016 17*4930 1*0563
Cell Error . 16 270-086? 16*0304 •
0*01<I<0
>0*05 5 
>0*p54
TABLE 5.100 ,
Tvio v;ay analyses of variance with 'replication- 
com marine pre- and -post exposure uerlods
(Experiments- 8» 9 and 10) Accltnatlcoa rabbits,
i.pog ;■
Source of Variation BF Sim ox Squares Mean Square : P T.Lteb- :: ■
Eons ss Pro'exp-,-, 
or Post exp.
1 165*3750' 163*3750 0*8624 >0*05"tIS '
Columns- = time 3 352*4562 . .’184*1520:' 0*9603 > 0*03. HS ’
Interaction 3 445*2103 148*4034 0*7739 > 0*05 PS -
Cell Error 16 3068*0000 ■’ 191*7500
2, PC02 -
Source of Variation w Sum of Squarea Soar. Square F V
Hoy78 = Pre exp 
of Post exp.
1 :v 42*4014 42*4014 15*7187 < 0*001
Columns = time 3 . ; 21*3845 7*1948 2«u; 72 > 0*03 JlS
Interaction 3 . 21*2072 - 7*0690 . ■2*6203 3>0*03 - NS '
Cell Error : ■ 16 45*1600 . : • 2*6975•'
5. ph ;p v :;
Source of Variation ' DP- • Sum of Scmares' . Kean Square ■ ‘ " P ' ■ r> "
JFlovrs s= pre exp 
or Port e;;p.
1 -0*0509 a 0*0509 / 24*2300 < G*Q0i‘; ’
Columns - time 0*0212 ' 0*0070 ' 3*3353. 0*025<P<0#'
Interaction - 3 0*0047 0*0015 0*7142
irv
0«0A
Cell .iicror 16 0*0331 0*0081
continued Table 5,100-
4. Sid UCO.,-
Gource of Variation 1)1'’ Sun of Gauares Ti-an Gnuare F ' T)
ivovjs = Pre exp 
or Foot exp
Columns - time
Interaction
Cell Error
2
16
127*4223
51*0641
20*5060
60*6734
127*4225 33*6029 <0*001
10*6215
6*8355
3*7320
2*0009 >0*05 63 
1*0025 >0*05 MS
ORBIR 5.101
'ly.-p way -analyaog ~ of variance with roclient> 
co;-irn'i3?in;; control and treated iria.ccliiriatl-f-a-o 
rahaito (lJ:a)o':fj.:ents 2,5»4 treated and 11, 12 
• an d 15 co:;itrol n) -
.1 • o ,5
£ .
Source of Variation:; DP Sim of Sanaren ' ear Souare ■ / - r / :  t) •/■
Rowa = Control 
treated
or 1 2750*7530 • - 2750*7500- 2*7614 > 0*0 3- 8
Ocl-rr.no = time 7 340-607/ 77*22,6 0*0764 >0*05 5S
Interaction 7 3603*1331 522*1620 0*310b • > 0*03 J8
Cell Jrror 32 3233f*333f 1010*60/1
O ■ ;‘,p/ %Cm » •! VV/j-J
Scarce of Varijahion - j)f Sut: of Sauarer. if an. Scrnara. 1’ . .. P....:
Rov/a =, Control 
tree/led
or ■ 1 , 102*3110 102*9110 6*8602 0«01<f<0
Colin .ns = tire ■: 7 126*0532 : 10*0070 . 0*6753>0*05 68 ■
Interaction 7 ' 123*3633 V: 17*6233 '•.-,•.0*6609 > 0*03 n8
Cell larror 32 055*2000 26*0625 ;
3*i pH -
Source of -Vari io^ ft Srn of Souares ■ v i Sauare ' F T) '
ftotn =a Control-
'treated
or 1 0*0089 0*0089 ' 0*6953 >0*05 68
Colrnms = time 7 0*0345 0*00/; 9 0*5828 >0*08 68
Interaction 7 0*0857 0*0128 .1*0000 >0*05 68
Cell luvrov 32 0*4101 0*0120
continued. ’fable 5*101
4* il CU ■ --C/W
Source of Variation i)J-' Oio of Sourrc-r. I'oan Snnr.ro
Hov/s = Control or 
treated
Co Insane = tine
Interaction
Cell 'Error
1 0*1303
7 50*9502
7 218-7160
52 ' 329-79^
0*1503 0*0070. > 0-05
7*2243 0*4599 >0*05
31*2454 1*00-72 >0*05
16*3560
; ■ r>>10? . ... .
Two way analyses of variance with replication 
co:nrr-irir--~ acclinrnticod and ufiaecilnatlsea reVc-i to, 
(lkt)orli.;G:-rlc.. 2,3» and 4 Unprcli^tined, 8,9 arid 
10 accli.natJ ncd»
1.  JO.,
Source of Variation .DF Sir." of Squares I'nvn Square r>
Rows -- Acclimatised - 1 
or UaacelL aiii ned
Colir. no ~ ire 
■ Interaction 
Cell.Error
2. ?C0„
,12‘50«2t350‘ 125:’*2-Ji>0 1*5540 > ‘0*05 OS
5455*5502 450*7936 0*6200 >0*03vo
355*5575 119*415': 0*1523 >0*05- .^s.
25086*0X0 705*557:5
Source of Variation IF -Si.ua of Scares roan Square ' F p
Rows = Acclimatised • 1 
or Unaeelimrivised'; 64
Columns = ti e 
• Interaction 6 
Cell ilrror '
5. pH
00*2676
105*3753 
: 13*0648’ 
349*2334
00*2676 7*3543 0*01<P<0*025
15*0354; - ,1*3733; >0*05 6 
2*1521 0*1971 > 3*05 :S
10*9135
Source oi‘ Variation DF- Sum of Squares : Uean Square ' F
•Rov/s = Acclimatised 1
or Unaccli.atisecI
Columns = time 
Interaction 
Cell Error
7
7
32
0*0012
0*3433
0*0145
0*8236
0*0012 ;0*0A65 >0*05 rh>
0*0454 1*9147 >0*05 A3
0*0020 0*0775 > 0*05 66
0*0258
continued Table >.102
4. Stcl :I0C-,*~ . .> '
Source of Variation 331? Sun of Squares : Fean Square  P ______ n
'Rov:b = Acclimatised 6*8253 • 6*3255 0*6152 >0*03 PS
• or Unaeclirrtatisod.
Columns = time 7 V ; 456*9986 . 65*2855 5*8916 <0*001
Interaction . 76 12*7408 1-8212 0*1643 >0*05 63
Cell Error..;. >2 354*5954 _■ "• 11*0810
. Commentary on-.Results
Blood man and -acid-base changes in  the ra b b it .
■Statistical analysis#:
' A two way analysis of variance was employed in which a comparison 
was made Between the four observations immediately before, and the four 
observations immediately after the introduction of carbon monoxide.
The replicates were experinonts 2, 3 and 4 in which uhaccIiiiatisGd 
rabbits were compared (Table 3*99) aiid 8, 9 and 10 in which-acclimatised 
rabbits were compared (Table 3*100}. ■
. Secondly a two way :analysis of variance was performed in', which. >6 
. the tliree control experiments were compared with three of the CO 
exposure ‘ experiments. In this test the four observations immediately
before and the four observations immediately after the introduction 
of CO, forether vith eight time related observations from the control 
experiments, ?^ re used as coliimns. The replicates were the three
experiments (Table 3* 101)*
A third two way analysis of variance compared acclimatised and 
unacclimatised rabbits using the same data as in the previous tests 
(Table 3*102).
■Arterial ITU ~
Although there was a tendency for the POp to fall after the 
introduction of carbon monoxide, none of the statistical tests revealed 
a significant change between the pre exposure and-post exposure periods. 
There was no significant difference in the change in PQp as a result of 
carbon monoxide, between the acclimatised and non-acclimatised animals.
There was no significant fall in the PCOp after the introduction 
of carbon monoxide in the xmacclimatioecl rabbits, (p = >0*05) (Table 3*99)•
However there was a highly. significant fall in PCOp in • the group of 
rabbits previously acclimatised to carbon monoxide (p = < 0*001)
(Table 3*100). There was a significant difference between the 
acclimatised and non-accllmatised rabbits (0*01 <P<0*025) (Table 3*102). 
The unacclimatised rabbits were also significantly different from the 
controls. (0*01 < P < 0*025) (Table 3*101 )• 4
Arterial 6pTI
The acclimatised -rabbits-.showed a significant',fall in pK between 
the pre and post exposure periods (p = <0*001). bhereas -the non-' 
acclimatised rabbits showed no such fall (p = >0*05). However the 
variation was such that when the acclimatised and unacclimatised rabbits 
were compared directly there- was no significant difference in their 
response (p =>0*05)*. There -was no significant change in pH between 
the control and treated rabbits, (p =>0*05) although it must be 
remembered' that two' of the tliree controls were reversing an acidosis 
so this might BiajBk hhy differences.
Plasma Bicarbonate
Both acclimatised and unacclimatised rabbitrfshovr a significant 
fell in the Standard bicarbonate as a response to carbon monoxide 
(p = <0*001 and 0*01 <P< 0*025)* The difference in response between 
the two groups is however not significant (p >0*05)* There appears 
also not to be any- difference .'between "the control and exposed groups . 
although the increasing bicarbonate due to the earlier acidosis in two 
of the control experiments, woxilcl cancel the decreasing bicarbonates 
in. the tweatcd groups making the Variance analysis non-significant. .
1 uu
Mminary
The evidence suggests that in' the anaosthetised rabbit under 
controlled constant ventilation,exposure to 400 p.p.m. carbon monoxide ■ 
causes a fall in arterial. PC0> and pH and a loss of plasma bicarbonate, 
characteristics of an uncompensated metabolic acidosis/'if the anina-1 
has previously been acclimatised to carbon monoxide. In the un­
acclimatised rabbit there is no fall in the PCO^ or pH although; there 
is a significant loss of bicarbonate, suggesting a compensated metabolic 
acidosis. In neither theiaccliinatised nor imacciimatised rabbits" 
is there a. significant-changp in arterial POg.
I. The effect of uH and PCQ^ on the; relative 
affinity constant of Oxygen and Carbon monoxide 
for haemoglobin CM value). *■
Method
The method was modified from Rodkey, 0*Keal and Collison (1969)* 
An erythrolysate was prepared by centrifuging and twice washing the 
packed red cells from 10 mis. of heparinised rabbit blood. After 
the final washing the volume of the packed cells v/ith a little Saponin 
were made up to 10 ml. with distilled water. A 1 in 10 dilution 
of this lysate was prepared in one of two buffers for tonometry. One 
buffering system v/as a phosphate buffer consisting of 0*1 H KTIg PO^ 
and 0*1 M Na^ IIPO^  mixed in proportions necessary to produce a range 
of pH values between 7*0 and 7*8.; The pH of the buffer and of the 
buffer and erythrolysate were measured on a Radiometer .pH Meter. The 
second buffering system employed was 24 M JCq/L sodium bicarbonate and 
carbon dioxide in different concentrations contained in the equilibrating 
gases. The erythrolysate diluted in buffer was equilibrated with gases 
of known composition in a bubble tonometer of the Adams and Morgan Hughes 
(1967) type. Samples were removed and analysed for carboxyhaemoglobin. 
until several consequetive samples showed that a plateau had been reached. 
This normally reqtiired about foiir hours tonometry.
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Kesulis• 
Tables 5*1^ 3 3*106
blood erythrolysate irt phosphate buffer.
 ph._________ COHb (~.')____________________  •
 _ 5 ____
7*oio 27*7 0*259 r;o»6
2(i*j 0*29, ' 102*9
20*2 0-302 155*4
. / ; 27*5 > Q*300 v . a.-- -■ 102*1
21-3 0*501 .19.1*4 i
Mean -  iht ,■■■■ ■ 189*3 - 4*0
7*400 21-G 0*500 189*5
7 -. 1 27*6 . '0*301 ■ 183*5
; 7 -27*4 / . H 0* 502.  107*2
"■20*2' V'\ . . ' 0*3 0 1 -.194*2 ;
26*9 0*3.04.’ ; : ; 181*4
lie an- ~ si).' 180*3 £ 4*6
. . 27*9 .. 0*303 ' ... 107*3
■ ■ 0' " 129*8 7 .-■■■■■. 0*302 V ' - ■ ' ,206*7
.. 25*9 .. 0 *300- , : . '1,73*4
28*0 0*301 193*5
27*9 0*302 190*4
Mean £ Si) 130*2 £ 11*3
OOiib P02
&  =  . ■
POp and rco are calculated fro?:* the barometric pressure and the oaye;en 
ant carbon monoxide concentrationa of the equilibratin;; £as#
(Oglib) «. 100 - COHb
'PAPLE 5 >104
' Betexmnation oi* K value for reVL-it d I o c k .1 
erythrolyaate in bicarbonate buffer "■ • ; '
yui P02 I'CC2 ' POO:•■ ; . , . : C0in> V.
(20*93#). (262p.ij.m)
. . .
7*250 149*0 ■ 71 *2 0-106 23-1’ '9:;?;,24P*6y.;;y'
149*6 71*5 0-187 P./:'' .-244*4 ;
145*0 71*6 . 0*187 J3*V. ‘ 9' 240-6 ;
140*0 71 *1 0*186 25*5 245*7
149-9 ’ 71*5 0-187 23*2 ; 242*1
:Mean,~ 3D 7I034 t Q.21 : : . . 242*7-2-3 :
7*49^ . ' 146*7
-3 . (6. )
V 42-1 . V ■ 0*144 19-2 248-1
y; 147-1 : 42-2 0-144 20-3 260*2 •
■ . %4S°Q- 42*7 0-149 : 19*7 .. 250-0
■'149*6' 4?*9 0-146 15*9 254*5
; 140-67 " . 42-6 0-145. 19*8 253*0
mean £ 8b
(20*M
42*50 - 0-54
(^l (2o2p.p*n.)
251.9 1 6-6
7*630 ■ , 149*8 '21*5-’ ; 0-18? 25*2 241-9-
: 148-6 . 9 21*3. - 0-106 23*7 240*1
149*2. 21-4 : . ' • 0-16? 24*9; ’ 264*5 '
148-8 21*5 0-106 83*9 251*2
149*6 21*4 0-187 25*5 245*7
.dean - SI) 21-58 ~ 0-08 250-5 ~ 0*6
(CCIIb) 10.
k ~ ToyTb) rco
PCOgj P’Og,. and POO are calculated. • from the barometric preset re and the 
carbon dioxide, oxygen and carbon monoxide concentrations of the equilibrating, 
gaso (O^Hh) a. 100 - |C0IIb). . - '
'T.AI'L^i 5.105
Utafcioticrl sir niPicance betv/ec-r. v ~iuea 
obtained at differ*-nt pH values in nbo^ pliste 
buffer and ir Sicrrbonatc .iPffer.
1. Phosphate Puffer
pn 7*010 7*400
'c/a
7*560
DP 9 3 3
t 0*5668 
p >0*05 IIS
DF 9;-:
t 0®1605
p > 0*03 WS
0-5530 
>0*05 !
2, Bicarbonate Buffer
_PiL-~  _________
V  -  o ; : ’ A
7*430
DF ' 9
t 2*9437
p 0*01<P<0®02
7*600
DP 9
t 1*9091
■ p . > 0*05 PS
9
0*3300 . 
> 0*05 NS
TABLE 5. 
Calculated d-valueo in
106
vivo in the rabbit'and
In-vitro in whole blood (See Table 5.6?)
Kabbit No ' Pro acclimatisation' ■ Post acclinu:,tisation
In-vivo In-Vitro In-vivo In-vitro
1 7 ■ 115*3 v 116*2 97*3 116*4
v/ 2 120*1 ' .'99*0 55*5 115*0 -
5 132*2 ■ 116*7 75*0 116*3
. mean 7 122*7 110*6 ":83«3 7' 115*2
'■ si) .. 7 .- 8*5 ■7 :10*07 a-;,-' 12 *4 ■ 1*5 : ■ v--.
■ iA is calculated from, a, re-arrangement of the Haldane .Equation.' '/
, ' (coiib), POr, • ■ :
 i ■
(Ogirb)-. pco
VO^ in..vivo "is taPen from the blood gas determination given in Table .5*69* 
(Ogltfa) is Qxyhaemoglobin saturation (taken ,froa Table '$±69) - COIIb. '
PCO is calculated from 00 concentration (0*02,7) x-Barometric I^ ressure. 
47/100. (0*145 pre acclimatisation and 0* 144 .post;acclimatisation)’.-,’"PO^  
in. vitro is taken to be 131? mulg ■ pre-acclimatioatiori- and 160 iiailb; post •
. acclimatisation (calculated iron anbienfc PO^ = . 2Q*93/' arjb Barometric - 
pressure). (OgiPo) in vitro is 100 - OOilb since in-vitro the remaining-' 
slaenioglohin: is ..fully saturated with ozy:.ca. POO in vitro is 0 *.152 d 
mid 0*153 respectively;'-. m--' . a ./g 7
Commentary on Results
1. Phosphate Buffer Five equilibrations of an crythrolysate 
in phosphate buffer at pH 7*010 were made with a gas containing
400 p.p.m. CO in air, The PCO of this was calculated on each occasion 
from the barometric pressure, The results of the equilibrium 
concentrations of IlbCO and the corresponding PCO together with the 
calculated M values are given in Table 3*103* This table similarly 
shows the results of five equilibrations at pH 7*400 and five equili­
brations at pH 7*560,
2, Bicarbonate Buffer Five equilibrations of an ery throlysate 
in bicarbonate buffer were made with a gas containing 21/ Op., 3/ C0p 
262 p.p.rn, CO and rest llitrogen. The resultant carboxyhaemoglobins 
and pH values at equilibrium are given in Table 3*104 together with 
the calculated K values. Similar equilibrations were made with a
gas containing 21/Op, 10/ CQg and 262 p.p.m, CO' and - with: a gas containing 
21/ 0^ , ,0p C0p 205 p.p.m. CO .with the rest nitrogen. The resultant 
carboxyhaemoglobins and pH values at equilibrium with these gases is also 
■ given -in Table 3*104*
Table 3*105 shows the results of student t comparisons between 
the II values at the three different pH values in P0^ buffer and between 
the three II values obtained in bicarbonate buffer. It can be seen that 
there is no significant difference between the values obtained at any 
of the three pH values in phosphate buffer. In bicarbonate buffer 
there is small but significant difference between pH 7*250 and pH 7*490 
although there is no difference between pH 7*250 and 7*680.
There is a very highly significant difference between the K values 
obtained in phosphate buffer and those in bicarbonate buffer (p «= < 001),
the K value being considerably higher in the bicarbonate buffer 
in the presence of COp than in the phosphate buffer,
"V: value in vivo and in-vitro in whole blood.
'Bie data is available from a previous section (Table 3 *67) to 
calculate the T value in-vivo and. also the - value in-vitro in whole 
. 'blood, :
Table 3*106 shows the calculated 1" yalu.es. In vivo the mean 
!' value is 122®7 before ."acclimatisation .but appears to fall to 89*3 
after acclirnat i sation• This difference is statistically significant
(t = 3*87 P 0*01 < P < 0*02)• In vitro however there is no difference 
between pre arid -post .acclimatisation (i = 0*79 p = >Q*G5 KS). There : 
is no difference between the 1 value deterraineO in-vivo or in-vitro 
before acclimatisation (t - 1*61 p >0*03 hh), There is however a 
significant difference between the 11 values determined in vivo and
. - _  . • r
in-vitro in the acclimatised animals ( t 3*60, p = 0®01 < P<Q®021.
The chi square test indicates a similar conclusion. Testing the 
hypothesis that the expected M value (in vivo) is different from the 
observed value (in vitro) a X  ‘ value of 5*5257 is obtained for pre­
acclimatisation and 37*2105 for post acclimatisation. The pre-acclimat 
isation differences are not therefore significantly different at the 
95/*' level ( 0*05 <0®10) but are so after acclimatisation (p ~<0«CG1)
J. fuantitative Relationships between arterial 
POy and carboxyhaemoglobin concentration«, 
riie effect of POp on the equilibrium of COHb.'.can be calculated 
from a rc-arrsngopient of Haldane’s equation (Douglas, Haldane, and 
Jlaldane 1912)*;/
I:. PCD (0oirb)
COilb = — — — -■■-—  (1)
w 2 ,
IMs equation has been described elsewhere (p 45) Douglas,
Haldane and Haldane showed that the above equation was valid in the 
presence of reduced haemoglobin, where COHb end OgHb saturation do 
not equal 100* The above form of the equation assumes that the amount 
of reduced haemoglobin present is the same as if no COHb was present, 
i.e. that all of the CO occupies haemoglobin that was previously 
oxyhaemoglobin and that none attaches itself to reduced haemoglobin*
Ibis is in fact not the case since CO will partition itself between 
oxyhaemoglobin and reduced haemoglobin* . This problem can be overcome . 
by using another derivation of the Haldane equation,
COHb = rr— *- X Total Saturation (2)■ FOg + 1• ruu
Where .total- saturation is the saturation of the haemoglobin at 
Kb, « . M.PCO partial pressure of gas read from a standard oxyhaemoglobin 
dissociation curve (Lilienthal, Riley, Proemmel et.al. 1946)•
At high POp values the difference between these two forms of the 
equation are fsmall but as the amount of reduced haemoglobin increases 
(at low H)p values) the COHb concentration predicted by the two equation 
differs, 3?igure 3*34 gives the results of a calculation at 200 p.p.m, 
CO of the CCHb at different values of arterial POp in the rabbit derived
% 
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Carboxyhaemoglobin saturation at 200p.p.m. CO (Pco=0.1426) 
as a function of Po? calculated from (1) the Haldane
c o n , .  i M.PgJozSfelequatxon:
of this | COHb ®
p°2
M.Pco
P o 2 + M.Pco
and (2) a derivation 
x total saturation.
M  is taken to be 110.6 (the in-vitro determination from 
table 3.106), 02Hb and Po^ apply to .arterial blood and
are read from the rabbit oxyhaemoglobin dissociation 
curve, (figure 5*58)» Total saturation is the haemoglobin 
saturation with gas at a pressure of Po 2 + M.Pco.
» I 6
from the two equations. - Down to a limiting PGv> of '20-40 a decreasing 
P0o results in an increasing COHb saturation. ..'.This results from the 
shape of the oxyhaemoglobin dissociation curve in that the numerical 
ratio of OjjHb to P0o increases as the POg decreases. Belovt POg 20-40 
the CO/Ih saturations falls with falling POp.
Ihe COHb saturation after initial equilibrium in the rabbit has 
been determined as 16*97/^ - 313 1*61 (fable 5*53)* fLhe arterial POp 
after initial exposure has been determined as 81*2 mmHg - 3.13 10*0 
(fable 5.71). fhe calculated COHb at this POg using equation (?.) is 
16*2 which considering the variations involved in both determinations 
is very close to the measured value, •
After acclimatisation the arterial POp is seen to rise to 109*6 mrallg 
( - 3D 9*13) (liable 9.71)• foe calculated COHb at this POp would be
12*9/f;. flie measured COHb after acclimatisation is 8*771 ( - 3D 1.17) 
(fable 3,33)• ' ">
c. .'Discussion
The problem of acclimatisation to carbon monoxide is a complex 
one. .Firstly there is the lack of agreement as to what is meant by 
acclimatisation, and secondly the physiological responses to CO are so 
littleunderstood that it is difficult to postulate mechanisms for the 
changes seen to be due to prolonged CO exposure.
Taking the problem of definition first, it is seen that there are 
basically two concepts. Firstly acclimatisation is ‘seer as an ability 
by the animal to withstand for a longer period of time a potentially 
lethal concentration of the gas. (e.g. Clark, Otis and Leung 1949* 
IVilks, fomashefski and Clark 1959)* In reality what is being measured 
here is a decreased rate of absorbtion of the gas or at least a decreased 
rate of ac«untl^tibn of carbcxyhaemoglobin• Both of the studies cited 
above inferred that it v/as the increased haemoglobin concentration that 
determined the increased tolerance time.
The present study demonstrates that in both rats and rabbits 
prolonged exposure to CO results bo ch in an increase in haemoglobin 
and a reduction in the rate of uptake of CO. That this decreased 
-.uptake is a result of the increased haemoglobin concentration is 
"indicated by the experiments in which, rats were made polycythaemic by 
intermittent hypoxia and rabbits had their haematecrits increased by 
red cell transfusion. In both series of experiments the poly cythaemic 
animals had significantly slower rates of uptake of 00 than control 
animals with lower haematoerits. This form of acclimatisation is 
therefore not entirely dependent on previous exposure to CO and requires 
only an increased haemoglobin (or haematocrit) to produce it. However 
there is evidence from this study that CO exposure produces an additional 
effect over and above that due simply to the haemoglobin increase. In
■ the-uptake experiments using rats the CO acclimatised animals had 
a significantlydLower uptake than the hypoxia exposed animals, although . 
the haemoglobin concentration of the hypoxic group was higher than the 
CO exposed group, (Figure 3*25, Table 3*55)* In the rabbit experiments 
the uptake in the CO exposed animals was again significantly slot/er than 
in the transfused animals, although the haemoglobin concentrations were 
equivalent (Figure 3,26, Table 3,62)1 Brieger (1944) and Killick (1948) 
both suspected that this form of acclimatisation involved factors other 
than the increase in haemoglobin# The mechanism of this is not properly 
understood, Rankin,McNeill and Forster (196I) found in severely 
anaemic patients that the diffusing capacity of the lung for CO was 
increased if the patients had their haematccrit levels increased by 
transfusion. They concluded that as the mass of red cells in the 
pulmonary capillary increases the total pulmonary diffusion resistance 
decreases. This confirms the earlier work of Mochisuki, Anso, Goto 
Hamamoto and Malciguchi . (1958) who measured the oxygen diffusing capacity 
of the lung in the d©g; at different red cell concentrations.
These reports seem to be in conflict with the present observations, 
since it might be predicted from these findings that an increased 
haematocrit would increase the rate of UO uptake.. This suggests 
therefore, that there are other, overriding factors, determining the 
rate of accumulation of COHb and that CO diffusing capacity in the Tung 
is of little importance.
It will be recalled that the model given in Section i describing 
the uptake of carbon monoxide from cigarette smoking was of the form 
lib + C0^=^ BbCO, where a and b, are uptake and elimination rate 
constants. “ Iroviding CO availability and a and b both remain constant 
then the -rate of lib CO accumulation expressed as a ratio of the total 
haemoglobin, .vdll, depend on the concentration of haemoglobin. To take
extreme examples, if 1*34 mls/min of CO was absorbed into a circulation 
containing only 1 gram.rof haemoglobin, the COHb saturation after one 
ininute would be 100/-, However if the 'circulation contained 20g. of 
haemoglobin then the same amount of CO would have combined with only 
l/20th# or 5A of the total#
This assumes that the rate of absorbtion of CO is independent 
of the haemoglobin concentration, This assumption may be tested by 
calculating the volume of CO absorbed into the circulation ( and 
combined with haemoglobin)# The results of such a calculation are 
given in Table 3*107 and plotted in Figure 3*35* It appears that 
the quantity of CO absorbed in a given time is, dependent upon haemo­
globin concentration# It is possible that this is a result of the 
increased blood; viscosity resulting from polycythaemia. (Pirofsky 1953) 
Preliminary results presented by Bimstingl, Hawkins and I.Ickwen (1970) 
indicate that it is indeed related more to numbers of circulating cells 
or total pigment mass ifefher than any increase in functional haemoglobin. 
Transfusion of intact red cells in which the haemoglobin had been 
converted to Hethaemoglobin by methyl nitrite, also reproduced the fall 
in equilibrium COITb, although in these experiments uptake rates were not 
measured. Alternatively it is possible that pulmonary diffusion is 
limited by pulmonary oedema, a condition known to the associated with 
hypoxic hypoxia (Van Liere and Stiokney 1963), but not'demonstrated as a 
result of . CO'exposure# ..'.-.However this latter suggestion" would not account : 
for the lowered uptake resulting from red cell transfusion in the rabbits, 
•■"which has involved exposure neither to hypoxia nor to carbon monoxide. • 
An additional possibility in'that after initial exposure to CO, 
the arterial and mixed venous 3^ 0^  falls, and this will alter the rate of 
uptalce of CO, as shown by Forbes, Sargent and Houghton (1945)* Under
in i'abbit.3 end re ts breathin,7 200 p.p.*;■i.’ CO i:v air. •
(Data derived from Tables 3.50, 3.31^J.52J: 5^57,
,3.5 B 1;ar.d' 5.59)
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Figure 3.55 Volume of GO absorbed in rabbits and rats in the initial
uptake period,as a function of the haemoglobin concentration, 
(see table 3.107).
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conditions of hypoxaemia the uptake rate is enhanced. It is probable 
that after initial exposure the uptake will be faster than after 
subsequent exposures, because prolonged exposure reverses the arterial 
hypoxaemia. As will be discussed later, it isjiby no means certain as 
to how this reversal of the hypoxaemia occurs, but. it appears to be 
only partially related to increases in haemoglobin and haematocrit. 
bhilst an explanation such as this might explain the reduction in uptake 
after prolonged CO exposure, it does not explain the similar occurrence 
after artifically raising the haemoglobin, unless this too results in 
an increase in the POp of the mixed venous blood.
'"..■■.'The differences in uptake rate betv/een the two species apparent 
from Figure 3.35 is presumably due to the sise differences between them. 
The smaller is an animal the higher is its respiratory minute volume 
compared to its cardiac output. (Prosser arid brown 1961) Hence small
animals vdll absorb CO more rapidly than will larger animals, a fact made 
use of by the lining Industry in their use of canaries as CO detectors. 
(Spencer and Lawther 1972).
.'.ihe 'slowed: rate • of. uptake then, as a result of an increase in 
haemoglobin (or red cell, numbers) a s not entirely due to a constant 
amount of CO competing for an increased anoant of haemoglobin; it 
appears to involve a definite decrease in the rate of pulmonary absorbtion 
of the gas. ‘ -
Despite the slowed rate of uptake the equilibrium,level of carboxy- 
haemoglobin should be independent of the haemoglobin concentration. In 
fact, it is seen that, there is a significant fall in the equilibrium COHb 
concentration as a result, of increasing the haemoglobin, in both rabbits 
and rats.;(Tables 3. 56 a n d 5.63) • The reason for this is likely to be 
that increasing the haemoglobin concentration results in an increase in
the Pet, and- oxyhaemoglobin saturation of the mixed venous ‘blood, 
providing there is a constant tissue extraction of oxygen. The 
rise in oxygen status of the blood entering the pulmonary capillary 
will alter the equilibrium of CO/lb formation according to the Haldane 
equation. The higher the PC^ and oxyhaemoglobin saturation, the lower 
will be the • COIJb saturation (Figure 3*34) •
It is perhaps relevant hero to discuss where in the circulation 
CO comes into equilibrium with haemoglobin end hence what figure for 
PCv, and oxyhaemoglobin saturation are most appropriate to the Haldane 
equation. For simplicity it is often assumed that the equilibrium 
between CO and haemoglobin occurs in the arterial blood and that arterial 
POg and oxyhaemoglobin'' saturation apply to any calculations involving 
the. Haldane equation. This is probably a valid .’approximation, although 
in practice the equilibrium may occur along the pulmonary capillary and 
somewhere before its arterial end. The Hi1 value determined for rabbit 
blood was 110*6 in. vitro in which the equilibrium conditions fire well 
known, blit Is slightly higher (122*7) v/hen determined in-vivo using 
arterial values for POg and oxyhaemoglobin. (Table 3.106) In contrast 
the *17? value calculated using'normal values for mixed venous POg and 
oxyhaemoglobin saturation (40 mmHg ond 75/^ . saturation 5Comroe et. al .1962) 
is 66. It would appear then that equilibrium conditions apply to a 
situation along the pulmonary capillary, but much nearer the arterial 
end than the venous end. , However the oxygen status of the mixed venous 
blood entering the lung obviously has some influence on determining ' the ? 
equilibrium since it will affect'the oxygen gradient along the. capillary.: 
although not the final end-capillary oxygen level. If equilibrium occurs 
before the end-capillary then the mean- P0 -^ and oxygen saturation will be 
lower if the .venous input to. the lung Is lower.' This rather complex 
situation is illustrated in Figure 3*36. /.The' value has for this
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purpose been designated since it*s use here is in a continuously 
changing situation and not at an ■ equilibrium to which it properly applies*
Hie second form of acclimatisation is seen as an apparent fall in 
the COTFb saturation as a result of prolonged exposure to CO (e*g* Killiek 
1936, 1937** hirnstingl, Cole and Hawkins 1970)* Hie present studies 
show that unlike the increased tolerance times, this type of acclimatisation 
depends upon exposure to the gas, and except for the small reduction 
in COHb seen as a result of the haemoglobin increase, cannot be reproduced 
by previous exposure to hypoxia or by red cell transfusion* there is
. an apparent species difference here also in that the rabbit shows a very.’.'
pronounced fall in CGlib as exposure proceeds whereas in the rat although 
a significant fall occurs, it io of very much smaller magnitude* -
The analysis of the fall in COfIb as a function of the rise in 
A npfbhaemoglobin ( ) reveals that the one is not directly related to
the other, indicating again that the rise in haemoglobin;alone' has only 
a minor part to play in this phenomenon* Tonometry of blood from 
acclimatised rabbits reveals:that the. fall is not due to changes in the 
red cell or the haemoglobin but is occurring as a re.su! « of changes in-vivo*
A clue to this is seen in the results of the study of blood gas
changes after CO exposure, and r urtng acclimatisation, Hie results of 
this study shoi? that after acute exposure to CO there is a fall in the 
/•arterial POg and ojyhaemoglobin aaturatibn* ' Hie mechanism of this has 
not been sought in this stiidy, Imt it is clear from the work of -Ayres et* 
al* (1 9 6 5 # 1 9 7 0 ) and Brody andCobum (19&9) that this results from a 
fall in mixed venous oxygen tension occurring as a result of the shift 
to the left in the oxyhaemoglobin dissociation curve (Section iv) • In 
fact ITeim (1939) had calculated from the Haldane Laws that such a fall 
in arterial oxyhaemoglobin saturation should result from breathing as • 
little as lj0 p,p*ra. CC. In the presence of even normal venous to arterial
shunts a fall in mixed venous oxygen tension will he reflected by a 
fall-in ..arterial POp* Again it is apparent from the Haldane equation - 
that this fall in the mixed venous POp and oxygen saturation will result 
in a high COHb saturation. The experiments show also that after 
acclimatisation the arterial (and hence presumably the mixed venous)
POp has returned to normal or even slightly above. The measured 
increase in arterial POp is 28• 4 »,Hg which is sufficient to lower 
the COHb concentration by 3*3/- (Figure. 3*34 equation (2)). However 
again it must be emphasised that the use of arterial POp and oxygen 
saturation is erroneus, the equilibrium probably depending more on 
oxygen status somewhere along the pulmonary capillary. Since the fall 
in arterial POp is brought about by the a.dmixing of only a small 
proportion of venous blood with arterialised blood, the POp changes 
along the pulmonary capillary are likely to be of greater magnitude than 
those observed in the arterial blood. Without more precise knowledge 
of the conditions in which equilibrium takes place, it is impossible to 
calculate whether the entire observed fall of 8*2^ COHb (at 200 p.p.m.) 
is due to this. reversal of mixed venous and arterial hypoxaemia..
Certainly the calculated fall in COHb resulting from the observed arterial 
POp changes, do not adequately explain the measured fall in COHb, _
;The increase in arterial POp and so presumably reflecting an 
.increase in mixed venous POpV could be expected to be a consequence 
again of the haemoglobin rise. The increased oxygen carrying capacity 
will, mean that with a  constant tissue extraction of oxygen, the venous 
blood "returning to the heart will be carrying more oxygen and therefore. 
have a. higher POpr .;/ : However the suggestion has already been made that ' 
this form of acclimatisation is not closely, related to .haemoglobin^:' 
increase.; /inother;iis3ication that this is the case . is seen also in the 
observation that with 200 and 300 p.p.m." CP especially,the haemoglobin
concentration returns to normal before the end of the exposure period 
(Table 3*13)* However at the end of the exposure the arterial POp 
and oxyhaemoglobin saturation is significantly higher than after an 
initial acuie exposure (Table 3*^9» 3*71)• However it is perhaps 
significant that the peal: haemoglobin concentration does co-incide in 
time with the minimum COHb concentration (Tables 3*13 and3*33)* If 
the increase in arterial POp is brought about initially by an increase 
in haemoglobin, it appears to be able to, be sustained even when the 
haemoglobin falls again* -'This' agrees well with iCillick*s finding 
that with intemittent; exposure acclimatisation' could be achieved with­
out an increase in haemoglobin* It is noteworthy in this context 
perhaps, that despite Killick*a obvious difficulty in measuring arterial 
POp, she did record a significant fall in the arterial POp following 
the first two exposures. The POp then slowly climbed during the ten 
months that acclimatisation was proceeding (that it rose to a peak of 
. 1 7 9 d e s p i s e  her subject breathing air, is a measure of the error involved > 
in her method)* . - : . ■
It would be interesting to attempt to acclimatise rabbits whilst 
maintaining a normal haemoglobin (say by bleeding) to determine more 
closely the involvement of the haemoglobin increase in the mechanism 
of acclimatisation* "
Another indication that haemoglobin rise and carboxyhaenoglobin 
fall are not closely related but nevertheless to some extent inter­
dependent, is seen in the analysis of the value of measured in
rabbits acclimatised to CO (^2*0, Table 3*^5) and , in rabbits transfused 
with'red cells (0*52,‘Table 3*^d)* Again this tends to confirm that
exposure to carbon monoxide produces an acclimatisation which is only . 
in part due to the rise in haemoglobin and is certainly not dependent . 
upon it.
Another possible mechanism explored In this study has been the 
.relationship between the- K Value, and the acid-base status of the blood. 
Allen and Root (1957) demonstrated very large changes in I' as a result 
of altering plasma pH and Joels and Pugh found that <;*v/as decreased 
as PCOg 'increased..1 Douglas Haldane end Haldane (1912) showed that 
the presence of 00^ and minor changes in pH had no effect on ’! and 
' Kartridge • .confirmed -'that no differences in U were measurable after 
altering PCOjj or plasma pH* (Hartridge 1912)* Similarly, Roclkey,
O’Keill and Collison ■(■’1969) founcl. no change -in H between 'pH 6 * 8 and 
6 *8 . - If M was dependent upon plasma pH and if plasma pH altered -as.-'
a result of acclimatisation then- this, would explain an. alteration in 
carboxyhaeraoglobin equilibrium. Although working -with rat her high 
CO concentrations (5,0001 p.p.m.) Terzioglu and IMroglu (1957) found 
that CO inhalation resulted in a fell in pH and in a reduction in CO^ 
and allkali reserve, in the rabbit. Similar changes occurred in 
chomoreceptorless rabbits* In the normal rabbits they found that 
hyperpnea was produced but only after a metabolic acidosis had developed*
In the chemoreceptorleos animals the hyperpnea was evident but delayed 
indicating direct respiratory centre ot5.mulation in these animals*
Kikami ( 1 9 2 6  b) showed also that CO (again high doses either . /• 
injected intraperiicneally or respired In the rabbit), reduced CQg. 
content, blood alkali and pH and that • vagotomy did not alter .this 
picture. Kamei (1 9 3 1) confirmed_ these findings. host authors agree 
that CD; calls forth ah increase in metabolic acids which accounts for the no 
findings (see introduction p 38-39) .. However the acid-base changes 
as a response to low love3'levels of the gas has not previously been 
investigated. The experiments with unanaesthetisod, rabbits before and 
after acclimatisation indicate that there are no significant acid base 
changes either as a result/of acute exposure/ to 200 .ptp.ia. CO or- as a
I Q£,
result of prolonged exposure. Although the changes are not 
significant, there is a tendency for the acutely exposed rabbits 
to have a lower pH and Standard bicarbonate and a higher PCO^ than 
either the acclimatised rabbits or the controls (Table However
the difference in pH is very small amounting to no more than pH 0«05B, 
Furthermore the experiments with tonometered erythrolysates to 
determine the effect of pH on M confirms the work of previous authors 
who have suggested that there is no effect of pH on K* It would seem 
however that CO^ has an effect on M, since in the absence of 0 0^
(Table 3#103) the K value is considerably lower than in its presence 
(Table 3.104). This indicates that M is increased by the presence 
of COg although not influenced,by changes in C0o tension (between 20 and 
70 mmHg), : It must be emphasised here that Joels- and Pugh (1958) found 
that M* decreased as PCO^ increased, K- is the factor by which the 
abscissa of the carboxyhaemoglobin curve has to be multiplied in order 
to make it co-incide with the oxyhaemoglobin dissociation curve. It 
used to be considered that this factor - the relative affinity factor - ' 
was the same as 'that determined by equilibration and derived from the. 
Haldane equation, Houghton (1970) has shown that M*- and M are two 
different factors, Although M is a constant, M* is seen to be variable 
along the dissociation'curve. That M* is more dependent upon pH and 
PCOg; is less surprising, since if it were not it would imply that pH '; :
altered the oxyhaemoglobin dissociation curve to the same extent as the 
carboxyhaemoglobin curve, Joels'iand Pugh point out that pH shifts the 
two curves to different extents and hence affects H*. There is therefore 
no good evidence either./from previous work or from the present work to 
support the findings of Allen and Root, that M is dependent upon pH, .
Since this is so, and since ho acid ba.se changes could be detected*as a 
result of carbon monoxide exposure, it is unlikeiy that this is a part of 
the acclimatisation, process, -
• The changes in acid-base and blood gas as a result of CO exposure 
were pursued in this section because such changes are of interest in 
the physiological responses to CO, The experiments in the rat under 
anaesthesia were undertaken to determine whether the arterial POg fell 
as a result of exposure to CO in the same way as in the rabbit, /Whilst 
detemanation of this type are unsatisfactory under anaesthesia and 
may be affected by circulatory depression, the results indicate that 
the rat does not respond by lowering the arterial POg* Although this 
occurred slightly in some experiments (Figure 3*29) the opposite effect 
occurred,in others (Figure 3*28), The animals'.were‘ventilated'so as 
to prevent respiratory responses to the gas. It is not clear under 
these circumstances why a rise in arterial POg occurs. If this was 
confirmed in conscious rats, it would demonstrate v/hy the rat shows 
little acclimatisation. However as Will be noted later, rabbits under 
anaesthesia also fail to show a decreased POg, The acid-base changes 
confirm the previous reports of a loss of COg, loss of bicarbonate 
and a/ fall in pH as a result of CO exposure,■ These changes began to 
occur as soon as the animals were exposed and were progressive as the 
COHb concentration increased. The control experiments indicated that 
anaesthesia alone would not have caused this acidosis, but a synergistic
effect between CO and anaesthesia cannot be ruled oiit.
In the experiments on rabbits this’ picture of metabolic acidosis 
is apparent both in animals who have never previously been exposed 
to CO and in those that have been acclimatised to the gas. However 
in the acclimatised rabbits the acidosis is uncompensated, that is the 
pll'has;a lower than normal value. In .the'unacclimatised rabbits the 
acidosis appears.to be compensated with a normal pH, The reason for 
such a-difference is not understood. It is of interest though, that, ■*
as with the rats, rabbits show an acidosis when exposed to CO under
anaesthesia. Since this was, not observed'in unanaesthetised rabbits 
it tends to confirm that CO and enaesthesia are synergistic. It is 
likely that anaesthesia, in producing circulatory depression and 
diminishing tissue perfusion, brings the tissues to the edge of hypoxia# 
Chamberlain and Lis (1 9 6ft) and Sykes and Cooke (1 9 6 5 ) have showed that 
under normal anaesthesia using barbiturates and halo thane in the human 
there is little evidence for tissue hypoxia as measured by lactate and. 
pyruvate production, The control experiments, in the present series 
also suggest that there is no metabolic acidosis. However when CD 
is introduced, the left shifted oxygen dissociet5.on curve may be just 
sufficient to begin to y)rodnce tissue hypoxia with increased production 
of metabolic acids. If this mechanism occurs' in the human it is 
perhaps an unkno^ Ui hazard of anaesthesia* Kiddle ton, Poznak, Artusio 
and Smith (1 9 6 5 ) 9 have shown that carbon monoxide accumulates in closed 
circuit anaesthetic devices, presumably both as a result of endogenous 
production and the dissociation of COHb. A further’ -reason which may expl 
the loss of bicarbonate is that it is not entirely destroyed by metabolic 
acids but that it is excreted in -greater amounts’ by the kidney as a 
result of carbon monoxide inhibiting carbonic arhydrase in the renal 
tubules. / 'Keldrum -and Houghton (19j^  sho\ cd that CO inhibits carbonic 
anhydrase, but whether it1 s- activity is -depressed at relatively low : 
levels of carboxyhaemoglpbinaemia is not known. .Carbonic anhydrase is 
involved in the exchange of hydrogen ions for sodium ions in the kidney 
and its inhibition results, in a metabolic acidosisdu:e to thf inability 
to conserve bicarbonate. It is conceivable that the differences in the 
type of acidosis, between the acclimatised and unacclimatised rabbits A 
results from renal changes during acclimatisation, althoxigh further work 
would be necessary to elucidate this,P;; ;
The P02 in the anaesthetised rabbits failed to show a fall as it did
in the conscious animals - and' there was' no difference between 
acclimatised end unacclimatisod animals. If the fall in arterial 
P0 2 is due to a fall in the 'POg of the mixed venous blood resulting 
from the shift in the oxyhaemoglobin''dissociation then controlling;- 
ventilation should not infliience this effect. It is possible that 
forced ventilation diminishes venous to arterial shunting by opening 
up unvontilated alveolae. If this is so, it would not only explain 
the absence of a fall in PO^ under ventilation,/but would also .’confirm 
the hypotheses of Ayres et. al. and Brody and Coburn that the fall in
arterial P0 2 is a result of accentuating the effect of venous admixture
due to shunting’.
Other possibilities which might in part be responsible for - 
acclimatisation .' include ' a decrease in blood POO, Killiclv postulated 
this as a mechanism -to account for her findings and suggested that it 
might be due to a decreased pulmonary diffusion of the gas. "this
certainly might account for a decreased rate of uptake and it has
already , been suggested that pulmonary oedema resulting from (X* exposure 
could possibily limit CO diffusion. However, if this- v/ere ;a mechanism 
to account for lower rates of uptake, it does not explain lowered 
equilibrium levels, 'since-.equilibrium should not depend, solely on , limited 
pulmonary diffusion, Fisher, Hyde, 33aue, Reif fmd Kelly (1 9 6 9 ) found 
that the pulmonary .epithelium offered little diffusion bavrrier to 0 C 
and that even high alveolar levels do not alter lung .function. ' - However, 
fngels 1 9 0 5 and fancey and Heed (1 9 3 6 ) found pulmonary aedeioa as one of 
the consequences of acute 00 poisoning. Whether prolonged exposure 
to'low levels effects lung Amction, must be a subject for further";study* 
A second possibility is that:there is enhanced metabolic conversion of 
CO to COg after prolonged exposure. Several' .authors have demonstrated 
a metabolic conversion (p 3 5 ). but it is not known whether chronic
exposure produces an alteration in Its rate. ...ouch .a mechanism, ' 
particularly if ru-;sociated with limited pulri'onary' diffusion, could 
well lower the blood 7'CO resulting in a fall in carboxyhaemoglobin 
pntxiration. / . * . . *
cl. Summary mid Conclusions
One definition of acclimatisation is a decreased rate of uptake 
of CO. This is in part clue to increases in haemoglobin concentration 
and can be simulated by exposure to hypoxia or by red cell transfusion. 
However chronic CO exposure produces a lower rate of uptake than either 
method of /artificial* acclimatisation indicating that CO produces a 
lowered."uptake by more than one mechanism.
A second definition of acclimatisation is a lowered equilibrium 
level of - COHb at a given inspired 'CO concentration, This is seen to 
.vb e ' totally unrelated, to haemoglobin rises. This form of acclimatisation 
is not due to changes in the red cell or haemoglobin since acclimatised 
and non-acclimatised- blood show similar equilibrations in vitro. Studies 
on the effect of CO on acid-brtoe balance indicate that acute exposure 
under anaesthesia leads to a fall in arterial PCO^, and pH and a, loss 
of plasma bicarbonate, in acclimatised animals, and & loss of bicarbonate 
without Cdg or pH changes in. unacelimatised animals. In animals, in-vivo, 
there is a small rise in-PCOg and-.fall in pH as a result of acclimatisation. 
pH .appears not to affect - the- equilibrium between CO and haemoglobin 
(M value) and the. small pH change after acclimatisation could not be 
/ responsible for the observed fall in COHb. COg does appear to affect 
- the IP value, however , the small PCO^ changes again are unlikely to , 
produce the observed changes in- COHb.
blood oxygen changes' significantly -as a result of acclimatisation.
■ •;Upon initial exposure in the conscious animal (but not in the .anaesthetised 
animal under controlled ventilation), CO causes a fall in POp end 
oxyhaemoglobin saturation..During, acclimatisation this reverses. -:.p02 
arid oxygen saturation will affect the equilibrium between CO and haemo­
globin according ;to the Haldane cArnationf . and it can be calculated that - 
the fall in COHb as a result'.of acclimatisation could be ■duetto the 
change in blood oxygen status. -
iv. Effect of Carbon Honoxide on Oxyhaemo/dLobin dissociation.
a. Introduction
The f ir s t  understanding of thd equilibrium of carbon monoxide 
with haemoglobin derived . from the work of Douglas Haldane and 
Haldane (1912) (p* 44) and the relevance of th is to oxyhaeraoglobin 
dissociation was noted by Haldane in  the same year (Haldane J.B.S.
1912)*  Haldane pointed out that the change in  the oxyhaeraoglobin 
dissociation curve from a sigmoid shape to a hyperbolic form in  the 
presence of carbon monoxide was the most important pathological effect 
of the gas# (Figure 3,41) . The effect of carbon monoxide on the 
dissociation of oxygen from the remaining haemoglobin was la te r  
confirmed by Stadie and laartin (1925).
Boulton and barling (1944) have produced mathematical re la tion ­
ships from which the effects of 00 on the oxygen dissociation o f the 
remaining haemoglobin can be calculated. Ih e ir calculation requires 
two assumptions which are derived from Haldane (1912).
1. The amount of reduced haemoglobin present in  a mixture of 
oxygen at p a rtia l pressure FO^  and of CO at p a rtia l pressure P CO
is  the same as I t  would be in  the absence of CO i f  the p a rtia l pressure 
of oxygen was equal to Kb, *  MPO0. (l! being the re la tive  a ffin ity  
constant). The amount of reduced hemoglobin is  thus 100 -  (Og Hb+COHb) 
and can be read from a standard oxyhaemoglobin dissociation curve.
2. That the haemoglobin combined with gas is  partitioned between 
COIIb and OgHb according to the Haldane equation (p 45) , even when 
there is  appreciable reduced haemoglobin present.
An example of the :iise of th e ir calculation is  as followss-
Find the POg in  equilibrium with the blood when COHb « 20^.»
GgHb « 32$ end reduced haemoglobin is  therefore 46$ o f the to ta l 
haemoglobin.
COHb + OgHb -  20 + 32 « 52$. From a standard dissociation 
curve at pH 7*4 Bni 37°C i t  can be determined that 52$ saturation 
corresponds to a 30g of 27*4 a r t*  (Severlngheas 1958)
Therefore:
POg + MpCO ■ 87*4 POg (1 + )
From the Haldane equation:-
■■'■ U vGO m ( com) : , ' 20- ,
POg (OgHb) 32
Therefore:
POg + K  p C O POg < 1  +  )
. ’ . POg (1 + | |  ) = 27*4
so •
POg « 16*9 mmBg.
Since
100 OpHb $ 100 x 32
■ —--------~ « 40$
(o2Hb$ + Hb$) (32 + 48)
a point on the oxyhaemoglobin dissociation curve corresponding to 40$ 
saturation and 16»9 ramB& is  obtained.
Similary further points on the same dissociation curve in  the 
presence of 20$ COHb can be calculated and a complete curve thus drawn.
Furthermore in  a sim ilar way curves in  the presence of other concentrations
of COHb can be determined and in  th is  way a fam ily of curves can be 
constructed re la ting  to oxyhaeraogtobin dissociation in  the presence 
of d iffe rent earboxyhaeraoglobin concentrations. (Figure 3*37)
100
90
*H 4-» 
0-H 8 0
7 0
6 0
5 0 4
3 0
204
10-
7.0 8 0  9 0  1 0 02 0  3 0  4 0  5 0  6 00 10
Pc>2 (m m .H g . )
Figure 5.37 Dissociation of oxyhaemoglobin in the presence 
of various quantities of COHb. 1. 0$, 2. 10/i,
255®, 4« 50/i, 5 . 755b, (From Haldane 1912).
A family of curves such as this can be calculated 
by the method of Houghton and Darling (1 9 4 4 )
Ihe reason fo r the s h ift in  the dissociation curve with 
carbon monoxide is  thought by Houghton (1965) to be that, the 
presence of one or more molecules of carbon monoxide on one or 
more of the four oxygen binding sites affects the intermediate 
equilibrium constant X  of the reactions:
Hb + o Hbo + o Hb©2 + » J£L  m,n_ /  „  Hbo^
according to the Adair hypothesis (Adair 1925)* The constant K.t 
is  affected more than the other constants which accounts fo r the 
pronounced alteration in  the shape of curve at the lower end. 
(Houston 1965) However in  1967 Beneseh and Benesch and Chanutin 
and Curnish found that an. organic phosphate, 2*5 diphosphoglyeerie 
acid (2*3 HPG) and to a lesser extent ADP and ATP influence the 
position of the oxygen dissociation curve* The explanation of the 
effect of these substances on the curve is  that 2:3 DPG (and the 
other phosphates) bind to haemoglobin with an a ffin ity  that is  higher 
i f  haemoglobin is  in  the deoxygenated form than i f  i t  is  in  the 
oxygenated form. ( Garby, Gerber and de Verdier 1969) These authors 
contend that the presence of 2:3 BPG alters the space between the 
-Chains of the molecule, and since 2:3 BPS binding, and hence the 
space, changes with the state of oxygenation, oxygen access to, and 
dissociation from the haemoglobin is  regulated. Some well known 
shifts in  the curve have now been shown to be a result of 2*3 BFG 
regulation. For example Borth (1969a) has demonstrated that the 
effect of pH on the oxyhaemoglobin dissociation curve is  due to the 
pH dependence of the in tra  erythrocytic concentration of 2:3 BPG, 
Brewer, Eaton, Weil and Grover (1970) have shown that there is  a ris e  
in  intraerythrocytic 2:5 SPG accounting fo r the r i# r t  s h ift in  the 
dissociation curve seen in  man at a ltitu d ei (Aste-Salasar and Hurtado
1944# Kulhausen, Astrup arid/Jfellemgaard. 1968) ♦ The Left Shifted 
Foetal oxyhaemoglobin dissociation curve is thought likewise, not 
to be a characteristic of the foetal haemoglobin moleciile, but a 
result of altered 2 s3 BPG levels within the foetal erythrocyte.
(de Verdier and Garby 19&9)
\ A ;’; .The-possibility that 0 0 alters intraerythrocytic 2:3 BPG levels 
and exerts its effect on the cftrve via that, intermediary has been 
suggested (Astrup. P. Personal Communication) Furthermore Diniaan, 
Eaton and Brewer (1970) have shown a significant increase in 2:5 PPG 
in carbon monoxide treated rats, and humans providing the GO dose was 
relatively low (less than 20fu COHb). Astrup believes that this 
would account.for the observation that the oxygen dissociation curve 
is shifted more to the left in arteriosclerotic cigarette smokers 
than can be accounted for by the Haldane effect of carbon monoxide. 
(Astrup, Hellung-Larsen, ICfeldsen and Mellemgaard. 1 9 6 6 ., Astrup 19&4) 
However Birnstingl, Cole and Hawkins (19&7) found that the shift in 
oxyhaemoglobin dissociation resulting from cigarette smoking was 
entirely accountable from the predicted Haldane effect. GO may bo 
one of the few factors which exerts m  effect an oxyhaemoglobin 
dissociation irrespective of the influence of 2 : 3  PPG. This is 
implied also from the studies of Brewer, Baton, Weil and Grover (1970) 
who showed that there was no right shift in the dissociation curve at 
altitude in cigarette smokers despite there being an increased 2 : 3  PPG 
level. Presumably 2 : 3  PPG increases as a result of the hypoxia of 
altitude but the Haldane effect of carbon monoxide offsets its effect 
on oxyhaemoglobin dissociation.
The possibility that 2:3 BPG or another organic phosphate 
intermediary is concerned with the altered oxyhaemoglobin dissociation
with CO is important, since 2? 3 BPG levels show an ability to change 
with environmental stresses such as altitude, in order to .afford the 
individual with a mechanism for acclimatisation# If 2:3 DPG waite 
concerned in the alteration of oxyhaemoglobin dissociation as a 
result of the presence of CO then some degree of acclimatisation 
evident from a reversal of the initial left shifted curve might beV 
expected from prolonged exposure to the gas. ;
The aim of the experimental work in this section is to establish 
an: oxyhaemoglobin dissociation curve for. the, rabbit, measure the shift 
due to the presence of CO and compare this to the calculated shift 
due the Haldane effect, and lastly to investigate the possibility 
that the position of the curve changes as a result of acclimatisation. 
The rabbit was used as an experimental animal because the intention 
was to investigate changes in oxyhaemoglobin dissociation as a CBUse 
Of tissue hypoxia in relation to other parts of the study including 
haematological responses, acclimatisation,blood glucose changes and 
pathological effects for which the rabbit was also used.
t y j
b« Method
20 mis. of 'blood was removed from each rabbit Into a plastic 
syringe containing approximately 0*1 ml. Heparin* rihis was then 
capped and placed in a thermos flask containing crushed ice. ihe 
blood was kept cool whilst not being tonometered to prevent excessive 
glycolysis and consequent possible alterations in intracellular 2:5 W Q *  
''She dissociation curve was always determined .-within one hour of blood 
sampling. Four ml. of blood was placed in an ,l3achweilerf ball 
tonometer and shaken in a stream of humidified gas for 1 5  minutes 
after the method of Bimstinglf Oole and Hawkins (19.6?) • A bank 
of four ball tonometers was used9 each maintained at 37°C ~ 0*05°C 
and equilibrated v/itli oxie of four different gas mixtures* One 
contained O^. * 5^ 00g &21& '94% second .2$ 0g.* CQg and
3¥% a third ■£& K2 fourth 10;£ Og
5$ 0 0g and 85€ - Hie blood samples were shaken first with oxygen-
free nitrogen for 1 5  minutes and then with the gas mixtures for a 
further fifteen mirmtes. Duplicate 0*5 ml. samples were then 
removed anaerobically and oxygen content was determined by the polero- 
graphie method described by Cole end Hawkins (1 9 6 7 ). POg was 
calculated froii the oxygen concentration of each cylinder wliich had 
previously been accurately analysed using a Xloyd-Haitaie apparatus. 
Oxygen carrying capacity was determined by measuring total haemoglobin 
(in $■) by the cyanm.ethaemoglobin method and multiplying by 1 * 3 4  
(p1 0 7 ). Oxygen saturation was calculated as oxygen content divided 
by oxygen carrying capacity multiplied by 1 0 0 .
pH of the bloM samples was measured after tonometry using a 
radiometer micro-capillary electrode. In all cases the pH fell between
pH 7*35 end 7*42 and a correction of the curve to pH 7*40 v/as made 
according to the Severinghaes Hemogram (Severinghaus, 1958)* Shis 
makes the assumption that the Bohr effect for rabbit blood is the 
same'as that for humans to which the nomogram applies.
Construction of whole curves at the same COHb saturations is 
technically difficult since tonometry with the gas mixtures containing 
the higher oxygen concentrations causes a proportionally greater loss 
of CO from the blood during tonometry, than does /tonometry.'with the 
low oxygen mixtures* The curve is therefore constructed with each 
point at a different GGHb concentration* To overcome this difficulty 
two points on the dissociation curve near to each other and either side 
of $0% saturation are determined. Since this is on the linear portion 
of the curve, a straight line drawn between the points allows the 
determination of the T5 0 * 'Ibis is the tension (POg) at which 3®% 
saturation exists, and is a single-value measure of the position of 
the curve, {lancet 1 9 6 9 * Korth 19&9b) Since both points are determined 
with gases containing similar oxygen concentrations, the COHb concentrations 
of each is the same*
Blood samples for the curves containing COHb were collected as 
before. About 4 ml. of the sample was shaken in a tonometer containing 
pure carbon monoxide for five minutes and then with humidified air for 
five minutes, in order to remove dissolved carbon monoxide. IMs 
blood sample was then used to titrate the required COHb concentration 
with the rest of the blood sample (Lily, Cole and Hawkins 1972). For 
example a 10^ COHb is prepared by adding one ml. of the sample containing 
100/j COHb to 9 ml. of the fresh blood. Four ml. samples were then
placed into two ball tonometers and equilibrated as before with either
typ
3*0$ e2.9 5$ C0,>., 91*5$ N2 or 5$ Og. # 5$ COg and 9 0$ Ng for the 
blood containing 10$ COHb and 3*0$ and 4*0$ 0^ for the blood containing 
20$ COHb.
Oxygen contents were again measured by the method of Cole and 
Hawkins which is independent of the presence of COHb. Oxygen 
saturations were expressed in terms of total available haemoglobin 
i.e. the COHb concentration was subtracted from the total haemoglobin 
concentration and therefore the oxygen carrying capacity (Houghton 1954)*
COHb concentration was determined after tonometry by the method 
of Commins and Lawther. (p6l)
Hie shift in the curve due to the Haldane effect has been 
calculated by the Rou^iton and Harling method (see introduction p 189) 
and the measured shift compared to the calculated effect.
The four rabbits were then acclimatised for one month at 
200 p.p.m. CO in air and the position of the oxyhaemoglobin dissociation 
curve determined again at 10$ COHb. Blood taken from the rabbits 
soon after removal from the chamber contained about 8$ COHb. This 
was titrated as before to 10$ COHb so as to make the determinations 
comparable to those measured before acclimatisation.
ty®
Cm Results
Tables 3.108 - 3.110
Figures 3*58 ~ 3*39
v m m 3.108
Four point determination of the rabbit 
oxyhaemoglobin dissociation curve.
Babbit Koi-
1 -V : 2 - 3 ' 4
POg 1, 7*2 7*2 7*1 7*35
^ Sat, 1* 4*5 7*5 7*0 6 * 0
POg 2 . 14*3 1 4 * 2 13*7 14*4
■f Sat, 2 . 1 2 * 2 2 0 * 0 20*5 1 5 * 0
P0 2 3 . 28*5 28*5 28*0 2 9 * 2
$ Sat* 3* 39*5 56*5 5 2 * 2 41*3
POg 4. 7 1 * 6 7 1 * 0 6 8 * 0 7 2 * 2
$ Sat. 4« 92*4 95*2 9 0 * 0 98*4
All points corrected to pH 7*40 by adjusting the POg value (Severinghaus 
1958). ' .
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7 i f ~ a v o  3»?0 The oxyhaemoglobin dissocial:! on eurvo of man 
(Severinghaus 1?58), and rabbit (Altman and 
Ditimer 1961), compared to the range of the 
curve measured in four rabbits.
TABLE 5.109
Determination of In  the presence of 
10 and 20# carhoxyhaemogl oMn> Is
determined graphically from the two measured 
points. (Figure 3.39).
Rabbit M o./ $  0„ Saturation
4
i- CCBb-s- 9«8 21*0 10*3 19*5 10*5 21*0 9*6 19*3
POg 21*3 34*0 40*0 33*2 50*5 33*9 48*6 37*8 52*5
P02 35*0 78*2 - 70*9 —  74*6 - 79*0
FOg 28*4 - 64*4 - 72*9 - 70*5 - 73*1
T-0 26*4 24*6 27*6 21*2 27*6 21*9 25*5 20*4
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Figure 3*59 Determination of T ^  from two points on the
middle portion of the oxyhaemoglobin dissociation 
curve. The calculated positions of the curve are - 
shown on the '50/' saturation line.
■ ■ Tmg-5,-110
determination of in the presence of 
10$ carboxyhaemoglobin after acclimatisation
Babbit Mo./ * O g Saturation
. 1 . 2 3 A  : '
$  coHb — - • 9*5 10*3 10*0 10*2
P0? 21*0 28*7 25*5 33*4 ■ 36*2
K>2 34*8 76*8 76*5 78*2 78*2
50 27*2 27 *6 26*1 25*8
Commentary on Results
The four points on the normal oxyhaemoglobin dissociation curve, 
determined for the four rabbits is given in Table 5*108. The .range 
of these curves is shorn in Figure 5*38 compared both to the published 
rabbit oxyhaemoglobin dissociation curve and to the vSeveringhaus 
’standard* oxyhaemoglobin dissociation curve for man. It can be 
seen that the measured curves agree well with the published data.
The rabbit curve is slightly to the.right of the human curve up to 
about 60^ * saturation after which it appears to eon-ineide.
Calculation of the s h ift in  the rabbit curve to be expected 
from the Haldane e ffec t is  shown in  Figure 5*40. Figure 3*39 and 
Table 3*109 present the data fo r the measured s h ift in  the oxyhaemoglobin 
dissociation curve fo r 10 and 20fl carboxyhaemoglobin. The measured 
sh ifts  approximate very closely to the calculated s h ift, although there 
is  a tendency a t both carboxyhaemoglobin levels fo r the measured curves 
to be s lig h tly  to the rig h t of the calculated ones. This discrepancy 
is  probably w ithin experimental erro r.
The values for after acclimatisation are calculated in 
Table 3*110* There was no significant difference between the 
before acclimatisation (26*77 * 1*02) and after (26*67 ~ 0*87) 
t  *0*149 P . » >  0*03 SS. .
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Figure 5.40 Calculated shift in the rabbit oxyhaemoglobin 
dissociation curve at 10$ and 20$ COHb.;
d. Piscussion •
The position of the oxyhaemoglobin dissociation curve is a 
measure of the affinity of oxygen to the haemoglobin molecule*
The further to the left is the position of the curve the greater is 
the oxygen affinity* Bohr* Hasselbach and ICrogh (1904) held the 
view that their discovery of a shift in the dissociation curve 
caused by changing the carbon dioxide tension was of physiological 
significance. Theoretically the shift to the right*-' which occurs 
in conditions of hi* pCOg (and low pH) should aid the offloading 
of oxygen to the tissues* Similarly the leftward shift caused by 
the lowering pC02 in the lung, aids uptake of orygen. She effects 
of temperature on the curve have similar physiological significance? 
a high temperature found in areas of high metabolic activity causes 
a right shift* and a lower temperature as in the lung a leftward shift 
(Severinghaus 1958)*
Interest in the oxygen dissociation curve has always centred 
on the upper end with the assumption that the important factor in 
oxygen transport is efficient gas uptake (Lancet. 1969) • However at 
the tissue level it is the lower end of the curve which is operative 
and hence of greatest importance. The venous POg? an index of 
maximum tissue oxygen tension* has been estimated to be about 20-22 
mmHg for the heart* 35 ®®Hg for the brain and 40 ,'mmHg for the liver? 
although within these tissues there will be areas of considerably lower 
oxygen pressures (Komer 1959)* Taking the maximum tissue oxygen 
tension for the heart as an example* it con readily be determined from 
an oxyhaemoglobin dissociation curve that at this POg (20 mmHg) 77*5$ 
of the avMlahle oxygen being carried can be offloaded to the tissues.
(Figure 3*41)* However a left-shifted curve, having a greater 
oxygen affinity, offloads less. For example at 20$ COHb the left 
shifted curve would release only 55$ of the available oxygen. The 
straightening of the sigmoid shape of the lower end of the curve with 
00 is of especial importance here since it has the effect of exaggerating 
the leftward shift at tissue oxygen tensions.
The tissues appear to react to this situation by reducing their 
wojfcirig POg so that oxygen extraction remains constant. (Ayres, Giannelli 
and Armstrong 1965.* Ayres, Giannelli and Seller 1970., Brody and 
Cobum 1969) Hence one response to an increase in COHb is a decrease 
in mixed venous POg. In the example shown in Figure 3.41» the POg 
would have to fall from 20 ismllg to 12 mmllg in order to extract the same 
quantity of oxygen from the blood* Asaiussen and (Modi (1941) showed 
that when arterial hypoxia was produced by inhaling 10$ oxygen the 
mixed venous oxygen tension remains normal. In CO poisoning (to 30$ 
COHb) the oxygen tension in the mixed venous blood is reduced from 
40 nffiHg to 16 mmHg at rest. In moderate hypoxic hypoxia, respiratory 
and circulatory responses can maintain a normal tissue supply of oxygen 
at a normal pressure whilst with GO, the normal stimulus to regulatory 
chmges, a fall in arterial F0g, is largely lacking and the tissues 
respond with a decrease in F0g.
Another important difference between hypoxic hypoxia and CO is 
that the former produces a right shift in the dissociation curve 
(Aste-Salazar and Hurtado 1944*» Mulhausen, Astrup and Mellemgaard 
1968) whilst the latter a left shift. The normal physiological 
response to hypoxia appears therefore to be a decrease in oxygen 
affinity which aids the offloading of oxygen to the tissues (aided also 
by an increase in cardiac output and hence tissue perfusion - Van Mere
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Figure ‘5.41 The amount of oxygen available at tissue level.
• depends on the position of the oxyhaemoglobin
dissociation curve ( that of rabbit shown).
A normal curve can offload (100-2?.5) ~ 77.5 %  
of it's oxygen carrying capacity. The left 
shifted curve can offload only (100-45) = 557-* 
at the name Po0 (20 mm. Hg,).
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and Stickney 19&3), whilst iheslighily deleterious effect this 
has-on oxygen uptake in the lung is mat© good by respiratory 
adjustments# In the presence of Cffilh however the left shifted 
curve whilst unnecessarily producing a more efficient pulmonary 
uptake of oxygen* -limits oxygen availability at the tissues to which 
there are no circulatory adjustments* From an evolutionary point of 
view, organise appear to have developed effective compensatory mechanisms 
for hypoxic hypoxia, but hypoxia without a significant fall in arterial 
POg has not been anticipated*
Jtiilat Asmussen and Ohiodi demonstrated a fall in mixed venous 
POg as a result of hi$i levels of COHb, other workers have shown a 
decrease with much lower levels* .Ayres, Gianelli mid Armstrong (19&5) 
found a decrease of ? jmllg POg in subjects with only Jf COHb# Campbell 
(19?9) measured tissue oxygen tensions in the rabbit as low as 6 tmllg 
in the skin said between 13-18 mmHg in the abdominal cavity after acute 
exposure to 40^ COHb#
Although the quantity ofoxygen delivered to the tissues Is 
apparently unaffected by moderate CO hypoxia the fall in tissue oxygen 
tension is possibly sufficient to result in tissue hypoxia. Krogh 
(1919) proposed a model in which the capillaries supplying a tissue 
(muscle) had a radius r kand supplied a cylinder of muscle .^ radius k. - 
'■She intercapillary distance was therefore 2R*, and hecnd Erlang in the 
same paper formulated a mathematical'model for-steady stsleradial 
diffusion of gases within euch a cylinder. However the situation
may be other than simple radial diffusion. Houghton end Forster
(1957) point out that the ICrogh-Hrleng model does not take into account 
the rate at vMch oxygen can be released from red cells in capillary 
blood to the tissues* Ihe rate of dissociation of oxygen from 
haemoglobin is slower than its rate of combination* Kfeldsen (19&9)
quoting Hiesel, Ihews end Lubbers (1959)* aud Ihews (1959)* states 
that the intracapillary component of oxygen diffusion may be a major 
factor limiting the rate at which oxygen is supplied to adjoining 
tissues# A further complicating factor is that red cells containing 
CO may impose abnormal resistance to diffusion of oxygen# (Ayres,
Gianelli and Armstrong. 1965)*
Kety (1957) 'estimated--that in a tissue cylinder of 4Qam & pressure 
difference of 10 mmHg would exist between the core and the periphery*
Since the critical oxygen tension for the cytochrome system is 3 ramHg 
(Bander and Kiese 1955» cited by Kfeldsen 1969) a capillary of at 
least 13 mmHg is necessary in a tissue cylinder of this size to maintain 
normal tissue respiration. If the additional, limitations of reaction 
time are also taken into account this critical tension may well be higher.
It can be seen therefore that with what little information there 
is available as to limiting pressures for tissue oxygenation some organs 
with high oxygen extraction rates are working near to their critical 
levels* (For example myocardium 18 mmHg Ayres, Gianelli and Mieller 
I97O? brain 20-23 ismEg. Qpitz and Schneider 1950), Ihat the brain is 
particular is sensitive to extremely small amounts of CO is demonstrated 
by the many pieces of evidence that performance and psychomotor tasks 
are significantly Unpaired by COHb concentrations as low as 2 to ' 0  
(p 48). ®ie effects of shift in the oxyhaemoglobin dissociation curve 
is to reduce this oxygen tension to a level at which adequate diffusion 
into the tissue cells is impaired* In conditions of chronic CS hypoxia 
the tissues are presumably under a continuous hypoxic stress, although 
it is not known whether there are local compensatory adjustments (such 
as increases in tissue respiratory enzymes) wh&eh might offset this#
In the absence of any knowledge as to the long term tissue 
compensations we must assume that chronic low levels of COHb produce 
a state of chronic tissue hypoxia* Although some compensatory 
chsnges undoubtedly act to reduce the hypoxic stress (e.g* Polyeyth&emia 
p112; increase in arterial POg p 158)» no evidence can be found 
that the major mechanism responsible for limiting oxygen supply to the 
tissues, the increased haemoglobin affinity for osgrgen, is reduced as 
a result of prolonged exposure* Just how PPG fits into this 
picture is unclear* Astrup (personal communication) found that COHb 
levels of 2G/o produced an 8% fall in the concentration of erythrocyte 
2s3 PPG which would have the effect of shifting the oxyhaemoglobin 
dissociation to the left*, However Dinman Eaton and Brewer (1970) 
have shown that tip to 20% COHb there is m  increase in 2s3 BPG which 
would shift the curve to the right. Another complicating factor is 
that the Hew Zealand Hhite Babbit has erythrocyte concentrations of 
2:3 PPG about twofold that of man.(Brewer, Eaton, Grover and Hell 1971) 
These authors found also that exposure to hypoxic hypoxia does not 
cause a right shift in. the rabbit curve although their erythrocytic 
2:3 HPG increases. The reason for this seems to be that the level . 
of 2:3 DBG is already at the upper limit of its effect on the oxyhaemo­
globin dissociation curve end further increases have no effect* Similarly 
it Is likely that in the rabbit a substantial reduction in 2:3 'BPS would 
be necessary before a leftwardsshift was produced* The rabbit then seems 
to have an insensitive i)PG regulation of oxyhaemoglobin dissociation* 
nevertheless CO produces a substantial left shift and one that is entirely 
predictable from the Haldane effect which indicates that 2:3 BEG has no 
part to play in the alteration of oxygen affinity due to carbon monoxide.
The question remains then as to whether the probable chronic 
tissue hypoxia is an aetiological factor in diseases known to be 
associated with chronic CO exposure* This subject is dealt with 
in later sections.
The oxyhaemoglobin dissociation for the rabbit is seen to be 
very similar to that of man* The dissociation curve shifts to the 
left in the presence of COHb to an extent which has been determined 
by experimentation* This measured shift agrees well with the 
calculated theoretical shift. There appears to be no alteration 
of the curve as a result of acclimatisation. The relevance of the 
oxyhaemoglobin dissociation curve to tissue oxygenation is discussed
v* Blood glucose and carbon monoxide
a* Introduction
Glucosuria and hyperglycaemia as a consequence of CO poisoning 
have "been continuously reported since the middle of the last century* 
Claude Bernard noted glucosuria (1857) find this was confirmed by 
von I’riedberg (1866) Arakt (1891) and Straub (1897)« Moesehlin 
(1939) found that aconsiderablenumberof CO poisonings (57/Q were 
associated with hyperglycaemia but he could not establish a definite 
relationship between blood glucose and severity of poisoning* Batsenko 
(19^ 5)# produced hyperglycaemia experimentally* Moesehlin and 
Wildernzutfr (1941 and 1943) investigating the origins of this increased 
blood glucose suggested that it was produced by stimulation of the 
central nervous system* Hie earlier observation of Eckhard (i860) 
who demonstrated that chloral hydrate inhibited the hyperglycaemia 
produced by stimulation of the midbrain, but failed to inhibit CO 
hyperglycaemia suggests that a peripheral mechanism is also operative*
Breaseale and Yen Home (1962) found that CO inhalation produced 
very significant increases in blood glucose in both man and rabbits and 
that insulin administration prior to the CO reduced the glucose elevation.
Senff (I869) cited by von-Oettinger? (1944)» showed that CO 
glucosuria was prevented by ligation of the eoeliae and mesenteric 
arteries, and that the same effect was produced by starving the unimals 
to produce depletion of the liver glycogen stores. Mkaml (1926a and b) 
found that reduction of the liver glycogen stores by insulin injections, 
also inhibited the CO produced hyperglycaemia, althoufdi Araki had shown 
that CO glycosuria depended on an adequate liver store of glycogen as 
early as 1991* Macleod (1909) showed that asphyxiation produced a rise 
in blood glucose, in a similar way to electrical stimulation of the 
splanchnic nerves. Starkenstein (1912) concluded that CO hyperglycaemia
was due to a central stimulation of the sympathetic nervous system, 
resulting secondarily in mi increased liberation of adrenalin, which 
stimulated the conversion of glycogen to glucose. 'IMs mechanism 
fitted the available evidence. Ihe work of Tscherkess (1928) and 
Hicoletti (1929) who noted an increase in adrenal function and adrenaline 
levels following CO exposure in dogs, cats and rabbits supported this 
hypothesis. Like Starkeneteih (1912), Mikami (1926a), found that 
bilateral splanchnectomy reduced the hypergLycaeraic effect of CO, again 
suggesting that the adrenal release was largely of central origin.
She effect of hypoxia (of for example altitude) upon blood glucose 
has also been long established and the similarity of the action of 
hypoxic hypoxia end carbon monoxide has been suggested. Kellaway (1919) 
came to the conclusion that the hyperglycaeraiaof asphyxial hypoxia was 
produced by oxygen deprivation in the central nervous system. His 
experimental results suggested central stimulation of the jplanchnics 
which caused a direct mobilisation of liver glycogen stores.
Althou^i adrenalin output was increased»Kellav?ay felt that this was 
only a part of the mechanism. Schulze (193&) working with mice ceme 
to the conclusion that adrenaline production accounted entirely for 
.the'.hyperglycaemia as - did. Suzuki, rfakahasi and’ Ifemabuti (1952).
Mikami (1926) with rabbits concluded that the rise in blood glucose was 
proportional to the degree of hypoxia, confirming the much earlier 
observations of Munzer and Palmer in man (I894). Mikami also 
demonstrated that CO hyperglycaemia could be inhibited by intravenous 
injectionsof alkali to prevent the acid-base changes normally resulting 
from CO exposure. Tnis observation suggests that with CO, the acid-base 
changes might be part of the mechanism, although the hyperglycaemia due 
to hypoxic hypoxia is unrelated to blood acid-base status.
Hie many studies cited so far, have all been concerned v/ith acute 
moderately high levels of carbon monoxide. The hyperglyeaemic response 
to lower and chronic levels has received very little attention. Buresch 
(1933) exposed rabbits daily to low level of CO and showed an increase 
in their blood glucose. Boedicker (1933) however failed to find this 
effect. Asmussen and Knudsen (1945) with human subjects failed to 
notice hyperglycaemia after experimental exposures produced up to :2*yp 
COBb. This conflict may in part be due to the findings by other 
authors that the hyperglycaemia is often transient. Sayers, Yant,
-Bevy and Fulton (1929) .in their experimental exposures; of humans found 
the hyperglycaemia to be of .short duration, and Schulze (1936) reported 
that the blood sugar in mice returned to normal after two' or three Hours.
Hie question of chronic lov; level exposure producing hyperglycaemia 
is therefore still uncertain.. The involvement of the adrenal hormones 
and the possibility of a rapid reversal of transient glucose changes 
will be the subject of study in'this section*
■ b. Methods -
Rabbits exposed in the chronic exposure chamber were sampled 
periodically by venepuncture into a peripheral ear vein. Approximately 
one ml. of blood was removed into a syringe and immediately placed in 
a capped vial containing 2 mgs, oxalate and 2 mgs. fluoride dried into 
the, container. Blood glucose estimations were performed always within 
one hour of sampling. Glucose was determined using an * Auto-analyser1 
(Technicon Instruments Ltd) and a Boehringer blood glucose kit (Boehringer- 
Mannhaim Ltd). Hiis method depends upon the oxidation of glucose to 
Gluconic acid and hydrogen peroxide by the specific enzyme, glucose 
oxidase. In the presence of a second enzyme (peroxidase), the hydrogen 
peroxide oxidises a chromogen (2s 2 diazo di ,(J- ethylbenzthiazoline 
6- sulphoaic acid) to form a blue dye which is measured coiorimetrically. 
Each determination of blood glucose was accompanied by three standard 
glucose solutions containing 100, 200 and 3P0 mgs. ,fl00 ml. Hie 
resulting optical densities were read from the density peaks recorded 
on a Honeywell recorder. The optical densities for the three standards 
were used to establish the slope of a linear regression program run 
in the Olivetti Programme101 desk computer. The application of the 
test optical densities to this program resulted in the print put of 
blood glucose values. Duplicate samples of blood always repeated 
within i 2mgs./l00 mis.
In the second series of experiments rabbits were anaesthetised 
with * Dial V (p. 1 5 5 )  and a cannula was inserted into the left femoral 
artery and the ri#it femoral vein, A tracheal cannula was inserted 
and the rabbits were ventilated with a ’Loosco’paediatric ventilator 
initially on 30^ oxygen in air, so as to maintain their arterial PCO^ 
at near to 40 mm.Hg. Blood PCOg and POg was monitored using an 
I.L. (Boston) blood gas analyser (Instrumentation Laboratories Ltd).
Hie use and calibration of this ■ instrument is identical to that 
described previously for the Radiometer blood gas analyser (p 138 
Arterial POg under these circumstances was maintained between 120 
and l6o rum .Kg by adjusting the proportion of oxygen in the inspired
gas.
Arterial pressure was monitored using a-. Statham pressure transducer 
and an IfMA physiological monitoring system with an ultra violet 
recorder (S.B. Laboratories I»td)» Hie pressure transducer was 
calibrated using a mercury manometer.
In the Initial experiments arterial blood glucose was estimated 
every ten minutes until a reasonably stable base-line had been established* 
The air in the gas supply to the ventilator was then replaced by air +
500 p,p .m. CO (R.O.C, Ltd). Hien this was diluted by a proportion of 
oxygen, the resulting CO concentration was in the order of 400 p,p*ra.
' Samples weire continued to be taJcen at 10 minute intervals until 
a substantial rise in blood glucose was observed, The CO in air was 
then replaced by air and a few further samples were taken to establish 
a reduction in glucose after the withdrawal of CO, Carboxyhaemoglobin 
was estimated in the samples after the introduction of CO, by the method 
of Coramins and Lawther (p 61) .
In a few subsequent experiments animals were made hypoxic by reducing 
the inspired oxygen to 10/S. Blood glucose was followed as before.
Finally a group of experiments were performed to determine the 
involvement of adrenaline release in the mechanism of CO hyperglycaemia.
In these experiments 1 ml, of *Hydergine* (0*1 mg. of dihydroergocomine, 
0*1 rag. dihydroergooristine, and 0*1 mg, dihydroergokryptine as the 
mesylates, Sandos. 'Ltd) was injected intra-arterially. Administered 
intra-arterially, the drug dees not cause a fall in blood pressure. The
injection of the Hydergine was then followed by CO exposure in 
the way described. Alternatively Hydergine was followed by the 
intravenous injection of 0*1 ml* of It 1,000 Adrenaline Tartrate, 
with the animal respiring oxygen enriched air containing no CO*
c. Results.
Tables 3*111 - 
Figures 3*42 -
5*124
3.45
, TABLE 3.111 ■
Blood i&ucose determinations during chronic 
exposure to 200 CO in air
Lhmeriment 1 
Bay Event BaVbit Bo; Glucose 100 ml*
1 . 2 ; 3 4 Mean isi)
1 * 69*04 57*09 72*80 70*34 67*32 6*99
2 90*58 73*54 71*36 85*02 79*62 8*88
3 -> ; '■ ' 126*63 61*38 80*25 78*63 86*72 27*94
4 121*60 61*97 84*59 81*80 >7*44 24*87
7 107*25 64*00 64*25 77*25 78*18 20*33
8 104*95 67*36 74*75 87*01 85*51 16*42
11 120*27 69*47 75*89 93.89 89*88 22*74
14 C0 on after
sample ;
67*40 54*73 56*84 76*50 63*81 9*99
18 86*80 67*55 74*01 68*03 74*09 8*96
18 78*64 65*12 70*20 60*13 68*52 7*89
21 83*48 59*71 72*49 75*35 72*25 9*74
23 90*23 68*27 84*42 78*85 80*44 9*35
TABLE 3*112 ■
Blood glucose determinations during chronic
t%cperiinent 2,
Bay Event KaVbit Eos Glucose m^s./lOO ml.
\  1 2  3  4  Mean - S B
1 92*06 111*11 92*06 82*53 94*44 11*98
2 86*40 78*94 89*20 81*74 84*07 4*60
5 GO on after 90*27 89*99 74*54 85*80 85*10 7*46
; sajsp&e '
7 91*30 93*59 73*77 86*89 86*38 8*86
9 78*48 87*24 104*14 61*58 82*86 17*74
14 87*59 12?*08 104*40 106*70 106*44 16*18
16 82*48 107*66 54.41 85*66 82*55 21*85
. TABLE 3 . 1 1 5  '
Two wav analyses of variance with replication
exposure period
Source of Variation DP Sums of Squares Mean Sernare F T>
Hows ss. pro -' or 
post exposure#
1 : 201.6525 : 201*6525 0*9923 >0*05 FS
Columns « time 5. 321*9536 107*3178 0*5281 >0*05 ES
Interaction ■' 3, ’ 1455*2047 , 485*0682 2*3870 > 0*05 KS-
Cell Error 24 4876*9590 205*2066
Experiment 2 (Table 5.112)• Days 0-5 and 7*14 inclusive.
Source of Variation DP Sum of Snuares Mean Sauare - F V .......—
Rows « pre >  or 
post exposure.
1 97*2827 97*2827 0*6666 > 0*05 NS
Columns « time : 2 . 609*1487 304*5743 2*0872 > 0*05 "hs"
Interaction 2 946.4101 473*2050 3*2429 > 0*05 US
Cell Error 18 2626*5354 145*9186
Blood /?liicose changes after exposure to 
200 p. p.m. CO before and three hours after 
initial exposure 
Experiment 1
Rabbit Nos Before exposure After
Blood glucose mm/IQOfiff.
1 105*80 128*36
2 82*89 108*72-
5 92*06 110*35
4 90*40 123*65
Mean 92*79 117*77
isi) 9*54 9*72
BF 7
t  3-6683
P 0-005<P<: 0*01
TABLE 5.115
Blood glucose determinations after exposure 
to 200 P .p.m. CO before and after initial
Experiment 2.
Babbit -Not Before exposure After
Blood glucose mfmf100ml.
1 90*35 115*51
£ 88*42 125*72
>3 101*11 110*11
4 91*52 108*36
Mean 92*80 114*87
-SB 5*6? 7*81
PF
t
P.':
7 ■
4*5736
0*001<P< 0-005
TABLE 5.116 
Blood /glucose tihtmften under anaesthesia.
Experiment 1. Hypoxic hypoxia.
Time Event P0o Glucosea 2
(mine) fmm Hg) (mgs/lOOml)
0 30$ 02 153 123*1
10 157 109*5
20 158 107*2
55 10^  °2 61 139*2
45 63 148*8
55 * 66 151*0
65 30$ 02 66 157*0
75 160 168*0
85 158 187*0
95 160 175*0
105 16g 165*2
■ ’TABLE 5.117 -
Blood glucose changes under anaesthesia.
Experiment 2. Hypoxic hypoxia.
Time Event P0„ Glucose■ •■ ■ ■ • - ' ■ ' ■ . , a 2 ■■'-■.• ■ •
 (m^/lOOml)
0 30$ 02 155 103*26
10 157 109*71
20 149 103*53
25 10$ 02 150
27 62c 113*33
30 60 128*56
40 59 126*49
50 6o . 135*29
60 30$ 02 61 146*35
70 154 158*51
80 155 159*25
90 161 147*20
100 160 135*15
P
a0
2 
(m
m 
Hg
) 
Bl
oo
d 
Gl
uc
os
e 
(m
gs
/lO
O
m
l) 60
50
40
30
20
10
0 0 -4
70
50
30
10
90
70
30% 0i io% 0p °o-—  
? t50
Time ( mins)
Figure 5*4? Effect of arterial hypoxaeinia on blood glucose, 
(experiment 2 see table 3.117)«
TABLE 5.118 
Blood glucose changes under anaesthesia
S>:-peyiraey?t 3» CO oxpooure 400 in 50V'
Time Event P0o Glucose COIib
■ • . ' . ,  ■. € L  . 2  . __________ _
mine- (mm Hg) /-.(mgs/100ml)
0 : 30$ 0^ 135 105*30
10 141 112*30
20 30$ 0? 4 400 p.p.ra. GO 140 108*42
30 129 149*98 5*5
40 131 158*50 9*0
50 135 205*23 12*1
60 30$ 02 140 213*25 15*2
70 141 251*18 13*1
80 139 238*15 11*0
90 138 237*50 9*2
100 135 230*21 7*1
Blood
Ekoerjgent 4> CO exposure 400 u«u«t3» in 50^ 0^
Time Event BO,. Glucose.& A GOEtJ
mj.ns (mm/ 100ml j
0
10
20
■30
40
50
60
70
80
90
100
110
120
150
30^ 0,
3 0  02 + 400 p*p.a,;.C0'
>-• 0/
125
148
150
147
148
145 
140 
138
140 
142
141
146 
140
142
179*86
169*74 
161*49
156*25
157*37
154*49
166*45
180*89
190*98
194*68
195*69
199*72
191*65
190*64
5*56
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11*27
14*83
17*64
16*43
10*53
6*21
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Fixture 3»4i Effect of carbon monoxide on blood glucose.
(experiment 4 see table 3 *1 1 9 )• Eo^ constant.
TABLE -5 •120.
Blood glucose changes under anaesthesia*
Bbcoeriment 5» CD exposure 400 -p.p.m. in 55^ 0^ * 1ml. ‘Hyderaine*
Time Event P0o Clucose COHb ____ . ' ■ a, <e? ■ . ■
mins _.{ *  Ife) :. (mgs/lOOml) .;'.rr|L.
0 . soss 02 80 107*6
10 35:- 0? 75 111*6
20 100 115*5
?° 98 126*2
40 1rsl. ‘Hydergine* 95 121*5
50 96 129*8
60 95 134*8
70 35f/^ 0g + 400 p.p.m* CO 100 160*2
80 98 159*9 5*3
90 102 173*9 10*5
100 98 176*8 13*0
110 95
N>•C-CO
- 
T"- 16*2
120 ’ 95 214*9 18*2
130 100 ./ 255*2 18*9
TABLE 5.121
Ebcperiment 6. CO exposure = 400 T),n,m. in 30$ +.-1 ml, ’Hydergine’
Time Event a 2 Glucose COHb
rains . . ..6nm Em).;.1.___ r^a^ s/lOOral) ■ c-i... % ■..
0 50"* Og , : 150 153*6
10 ■' 160 143*6
20 ■■162 148*6
50 155 125*9
40 1ml* ’Hydergine* ' 143 ; 122*1
50 ; 140 ' 127*2
60 138 120*9
70 30$ 02 4- 400 p.p.ra. co 140 119*6
80 132 114*6 5*0
90 135 117*1 9*3
100 145 131*0 11*0.
110 - 145 137*3 14*2
120 148 141*0 16*3.
130 150 144*8 17*7
140 1ml, ’Hydergine1 152 147*3 18*5
150 150 161*2 19*0
160 ■ —  ' 188*9 19*5
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Figure 3.44 Effect of ’Hydergine* on CO induced hyperglycaemia. 
(experiment 6 see table 3.121).
; ^  TMLE 3.122 '
Blood glucose changes under anaesthesia.
Experiment 7* Effect of Adrenaline and Hydergine*
3?irae Event Glucose Mean arterial Heart
Blood Pressure Rate
mins (mgs/lOOml) (mm Hg) Beats/mins
0 30  ^02 186 105 360
5 178 108 365
10 174 110 555
15 1ml. 'Hydergine' 178 105 360
20 0»1hlU 1:1000 Adrenaline 100 160 385
25 195 100 285
54 218 90 300
59 230 100 300
44 233 100 300
49 254 ' 110 325
54 235 98 280
TOLE 3.123 
Blood glucose changes under anaesthesia.
.Experiment 8.- Effect of Adrenal ins and Hyder/dne.
I'ime Event Glucose Mean arterial Heart
Blood pressure Hate
tains (mfm/lOOml) (mm M^) Beats/nlns
0 50?£0g 145 120 280 
10 138 105 300
20 135 110 300
30 .ini*. ♦I^ ydergine* 130 100 300
35 0* 1ml. 1s1#000 Adrenaline - 165 340
40 135 98 260
50 145 80 270
60 163 82 270
70 160 90 270
80 160 90 300
90 157 92 300
100 135 95 500
110 122 / >. ; -
TABLE 3.1 24 : ■ ■
Blood glucose changes under anaesthesia,
Experiment 9. Effect of Adrenalin
Time Event Glucose Mean arterial Heart
• ■   —  ____ ■  blood pressure Hate
rains (mm Eg) Beats/mins
0 30$ 02 226 118 270
5 ■ V 229 110 500
10 : 238 100 300
15 . : . '-4 , ' V -: 253 100 300
25 0*1mi. 1s1,000 Adrenalin 247 98 285
27 263 185 360
51 295 165 330
39 395 150 350
4 6 384 120 310
50.. 411 100 300
55v 418 110 290
80
70
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160 ■
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140 ■
130 •
120 *
110 -
100 -
90
i g l a r e
■O 0 .1m l 1; 1,000 
Adrenaline alone
-X Hydergine (1 m l) 
+ 0 .1m l 1; 1, 000 
Adrenaline
Hydergine
5 10 15 20 25 30 35 40 45 50 55
Time (mins)
45 Effect of adrenaline on blood pressure and blood glucose 
(see table 3,12A.)r compared to adrenaline preceeded by 
'Hydergine' (see table 3,122). Referred to same axis.
Commentary on Results 
A* Chronic exposure#
Acute exposure fo r three hours to 200 p.p.m, CO in  a ir  results 
in  a significant increase in  the bloo&glucose (p«s approx. 0*005)
(Tables 3*114» 3*115)* However more prolonged exposure with sampling 
every other day fa ils  to detect a long term change (p » > 0*05) (Tables 
5.111, 3*112, 2.113)* This suggests that upon in it ia l exposure 
transient blood glucose changes occur which are rapidly compensated.
B. Acute exposure under anaesthesia.
Under anaesthesia, a sudden reduction in  the a rte ria l FO,,, leads 
to an immediate rise in  blood glucose (Tables 3*116, 3*117* figure 3*42). 
Under the same anaesthetic conditions, the introduction of 400 p.p.m. 
of CO into the inspired a ir  brings about an immediate increase in  
blood glucose, (fables 3*118,. 3*119> Figure 3*45) The blood glucose 
rise parallels the rise  in  carboxyhaemoglobin and begins to reverse 
when the carbon monoxide is  removed. In  these experiments a rte ria l 
hypoxaemia was prevented by ventilation with 30'^  oxygen.
3he in tra -a rte ria l in jection of 1ml. of •Hydergine1 a mixed oL andy3 
effect catecholamine inh ib itor (Ssndoz L td )*, before the introduction 
of CO, causes only a s light delay in  the onset of the hyperglycaemia, 
but does not prevent its  subsequent rise (fables 3*120, 3*121. Figure 3*44) 
She effectiveness of ’Hydergine* as an Inh ib itor of the hyperglycaemic 
effect of adrenaline was tested; (Tables 3*122, 3*123, 3*124* Figure 3*45) 
1ml. of *Hydergine* was found to more-or-less in h ib it the cardiovascular 
responses to 0*1ml. 1;1,000 adrenaline ta rtra te . Following the 
injection of ’Hydergine*, adrenaline causes only a transient rise in  
blood pressure (Figure 3*45) and heart rate , which returns to normal 
or below within two or three minutes. In  the absence of Hydergine, 
the elevated blood pressure and heart rate remain fo r up to 25 minutes. 
Boses larger than 1ml. of Hydergine fa iled  to prevent this transient e ffec t
Figure 3*45 also shows that th is dose of Hydergine in h ib its  
the rise in  blood glucose resulting from 0*1 ml. of 1, 1,000 adrenaline, 
although i t  does not prevent i t  altogether.
No increases in  blood pressure or heart rate were recorded either 
as a resu lt of a rte ria l hypoxaemia or the introduction of CO.
d. D iscussion
Previous reports of a hyperglycaemic effect of CO resulting ,
mainly from intoxication by hi$i acute levels, are confirmed in  the 
present study, by much lower concentrations. However, the detectable 
rise  in  blood glucose is  an acute e ffec t, and seems to be compensated 
within the f ir s t  two days of continuous exposure.
I t  i .  confined also that a reduction to the a rte ria l POg causes 
a sim ilar rise in  blood glucose. I t  is  tempting to suggest therefore 
that GO causes this e ffect by a mechanism of tissue hypoxia. I f  th is  
is  so, i t  is  remarkable that the blood glucose is  seen to rise  immediately 
CO is  introduced, which indicates that even at Very low levels of 
carboxyhaemoglobin, i t  is  able to exert a hypoxic effect.
I t  is  uncertain quite where and how CO and hypoxic hypoxia exert 
th e ir effect or indeed whether the two mechanisms are the same.
Kellaway ( 1919) suggested that hypoxic hypoxia stimulated the central 
nervous system and produced hyperglycaeraia by direct stimulation of 
glycogenolyais in  the liv e r  v ia  the splanchnics. He was of the opinion 
that although adrenaline was released from the adrenal medulla i t  was 
only a minor source of the increased blood glucose. Other authors 
certainly concur that adequate liv e r  stores of glycogen arerpecessary 
fo r either the hypoxia or the carbon monoxide induced hypergLycaeraia 
(Mlkami 1926 a, b ,, Ira k i 1891) and that the splanchnics have to be 
in tact (Mikarai 1926 a ). The present results lend weight to the proposal 
that adrenal medullary release is  not an important source of the blood 
glucose. No heart rate or blood pressure changes could be detected by 
COHb levels up to 18$ and the hyperglycaemic effect was not inhibited  
by a catecholamine in h ib ito r shown to be capable of reducing the hyper­
glycaemic effect of a large dose of adrenaline.
Ihe effect of CO on acid-base status under these conditions of 
anaesthesia was shown in  a previous section (p. 163) Mikarai (1926) 
demonstrated that the hyperglycaemic effect of CO could he inhibited  
by preventing the fa ll  in  plasma bicarbonate resulting from CO exposure* 
I t  is  possible that this is  a further mechanism of the CO induced 
hyperglyeaemia, and one which is  apparently unrelated to any hypoxic 
effects.
Hecently JEstler, Heim, Ammon and i^mraermen (1970) and Estier,Ammon 
and Heim (.1971) have confirmed that in  mice, the enhanced glycogenolysis 
in  the brain due to CO, is  not prevented by pretreatment of the animals 
with reserpine to deplete catecholamine stores, or by an adrenergic 
'fi'~ receptor blocking agent. ( ,K0592V). They conclude that the , 
increased glycogenolysis accompanying moderate CO exposure, is  not 
mediated by adrenergic mechanisms. They think i t  is  lik e ly  that i t  
results from changes in  metabolites known to. in h ib it (e .g . ATP or 
glucose 6-  phosphate) or to activate (e .g . AMP, inorganic phosphate), 
phosphorylase b.
The blood glucose increase in  unanaesthetised rabbits resulting  
from exposure to 200 p.p.m. CO would hppear to be mild and transient. 
Sayers, Yant, levy and Pulton (1929) found this to be so in  experimental 
exposure of humans. In  th e ir experiments the increased blood glucose 
lasted only a few hours, and sim ilarly Sehulse (1936) found that the 
hyperglycaeraia in mice returned to normal a fte r 3 hours, This rapid 
reversal probably explains the occasional observation that low levels  
of CO do not produce blood glucose changes (Boedicker 1933# Asraussen and 
Knudsen 1943)* Presumably the increased blood glucose is  dealt with 
by normal glucostat mechanisms. I t  would be interesting to assay 
plasma insulin levels during chronic CO exposure, to confirm th is point.
I f ,  despite the return to normality of the blood glucose, glycogenolysis 
continued to be enhanced during chronic exposure to CO, a reduction 
in  the body stores of glycogen might be expected. I t  is  interesting  
to speculate that part of the decrease in  foetal b irth  weight resulting  
from cigarette smoking in  pregnancy may be due to a diminution of stored 
glycogen, (Section v i) .
e* Summary
A reduction of the a rte ria l PO^  or an increase in  carboxyhaemoglobin 
in  the rabbit under anaesthesia results in  a rise  in  the blood glucose* 
This glycogenic effect of CO is  not inhibited by a dose of Hydergine 
(a  catecholamine in h ib ito r) su ffic ien t to  reduce by 5Q$- the hyperglycaemic 
effect of a large dose of adrenaline.
No cardiovascular effects of CO (up to 18^ COHb) were recorded.
In the non-anaesthetised state, rabbits show a small but significant 
rise  in  blood glucose within the f ir s t  three hours of exposure to 
200 p.p.ra. CO but this has returned to normal by fortyeight hours.
Ho subsequent significant variations in  blood glucose were detected 
during 2$ days continuous exposure.
v i .  Carbon monoxide and the  e ffe c t o f smoking in  pregnancy.
a. Introduction
S ir Benjamin Brodie envisaged a "progressive degeneracy of 
future generations due to the use of tobacco smoking11. (Brodie I860) •
Dr* Edward Ruddock (1866) commenting on the harmful effects of tobacco 
smoking wrote "These injurious consequences do not end with the smoker 
but are transmitted from parent to child resulting often in  a puny, weak 
and unhealthy offspring.” Kitchen (1889) forecast that the cigarette  
smoker would beget punier children with disordered nervous conditions 
and Knopf (1929) suggested that although smoking during pregnancy appeared 
to have no outward effects on the child, i t  might nevertheless be 
"constitutionally enfeebled” by i t .  A Dr. Decroix even forecast the 
depopulation of France as a result of tobacco smoking (Lancet. 1892).
The feeling that women should not be encouraged to smoke was 
perpetuated throughout the beginning of th is century and up to the 
second world war. The reasons given by authors were the particu larly  
harmful effects on women and the interference with th e ir role as mothers^ 
(e .g . Campbell 1935# Oehman 1942), although as an e a rlie r e d ito ria l in  
the Journal of the American Medical Association had pointed out such 
artic les  deploring cigarette smoking among women were based on moral 
issues rather than medical, physiological or biological considerations. 
(JAMA. 1929)
The f ir s t  properly conducted experiments to determine the effects  
of tobacco smoke on reproduction were those of Essenberg, Schwind and 
Patras (1940) and Schoeneck (1941) • Both of these studies gave the f ir s t  
indications that b irth  weight was reduced by tobacco smoke inhalation. 
These observations were f ir s t  confirmed in  man in  1957 when Simpson 
found that the incidence of premature births (defined as those weighing
5|rb./2*5Kg. or less) was doubled i f  the mother smoked and was 
more or less related to the numbers of cigarettes smoked. Lowe 
(1959) with a sample of 2,042 women including non-smokers found that 
b irth  weight was reduced by an average 60s. ( 170^ ) i f  the mother smoked 
regularly during pregnancy. These differences were not related to 
sex differences or to b irth  order, and they were not due to a shortening 
of gestation. Other authors have consistently shown the same effects. 
Villurasen (1962) in  a study of 1,323 women found the prematurity rate  
to be sign ificantly higher i f  the women smoked as l i t t l e  as three 
cigarettes per day. Herriot,Bille?d.es and Uythen (1962) in  a study 
of 2,745 women in  Aberdeen reported that prematurity was higher in  
smokers than in non-smokers and that i t  was unrelated to maternal 
height or social class. Savel and Roth (1962) questioned both Negro 
and V/hite mothers about th e ir smoking habits during pregnancy and found 
that among the Whitefe the average b irth  weight was 3,141 &• fo r babies 
bom to smoking mothers and 3# 374g fo r those bom to non-smoking mothers, 
a significant reduction of 233g. For Hegro smokers the b irth  weight 
was 3,030g and 3#173g fo r non-jokers, a significant reduction of 143&*
Eabriskie ( 1963) i n a study 2,000 consequetive pregnancies (957 
smokers and 1,045 non-smokers), found that the average b irth  weight 
was 229g lower in  the smokers. gabriskie also reported that the abortion 
rate was higher among smokers and that the number of abortions increased 
with numbers of cigarettes smoked.
O’Lane (19^3) studying the smoking habits of 1,031 women (566 non- 
smokers and 465 smokers) found that the offspring of the smoking mothers 
were lig h te r, that they were shorter (crown-heel length) and that the 
prematurity rate was sign ificantly higher. The smoking group also had 
sign ificantly more abortions. As in  previous studies O’Lan^ found that 
the mean gestational age was not shortened.
Ravenholt, Levinski, H e llis t e t. a l. ( 1966) interviewed 2,023 
women by telephone and collected information on s tillb ir th s , sex end 
weight at b irth  from b irth  certifica tes . Their results confirm the 
increased prematurity amongest smokers and show that th is was a result 
of maternal smoking rather than paternal smoking. These authors also 
show a significant alteration in  the sex ra tio  as a resu lt of smoking, 
with the effect showing a dose response relationship. Cigarette 
smoking was associated with an increased proportion of female b irths,
This la tte r  observation has not been confirmed in  a t least ten other 
studies who have recorded sex ratios, (e .g . Butler and Alberman, 1969*, 
Russell, Taylor and Law 1968. ,  MacMahon, Alpert and Salber 1965)* Scott- 
Russell, Taylor and Law ( 1968) were able to confirm that the decreased 
b irth  weight was unrelated to socioeconomic factors.
Butler and Alberman (1969) reporting the results of the B ritish  
Perinatal M ortality Survey consisting of 16,994 b irths, found an average 
loss of 170g in  b irth  weight as a result of smelting a fte r the fourth  
month of pregnancy. This effect was unrelated to maternal age, p arity  
and social class which are the other known factors affecting b irth  weight. 
The important finding from this survey was that the b irth  weight was 
reduced at a ll gestational ages from 35 to 43+ weeks. Although there 
was a significant reduction in  the mean gestational age th is did not 
account fo r the b irth  weight differences. This finding indicates that 
a retardation of foetal growth in-utero is  one consequence of cigarette  
smoking. S tillb irth s  and neonatal deaths in  the f ir s t  four weeks of 
l i f e  were also significantly increased by smoking.
Murphy and Mulchahy (1971) in  a study of 10,692 Ir is h  mothers 
confirmed that maternal age and parity  had no effect on the observed 
mean loss of b irth  weight of 10os. (284g). They further showed that
smoking up to 10-12 cigarettes per day resulted in a birth weight loss 
that was related to numbers of cigarettes smoked per day. After 
10-12 per day, the loss Of weight remained constant at 10os.
Fenchaszadefe, Hardy, Mellits, et. al. (1971) have shown that 
birth weight and gestational age are reduced by smoking in white mothers, 
whereas in black mothers smoking leads to a loss of foetal weight but 
no decline in gestational age, Muleahy andjtaphy (1972) have confirmed 
that smoking produces small-for-dates babies and that the reduction in 
gestational age is of minor importance in determining the weight loss. 
Similarly Copei Lancaster and Stevens (1973) in a study of 4,000 pregnancies 
found the mean birthwei^it to be reduced by 180g by smoking and the 
stillbirth rate to be 50fo higher.
These studies ,many involving very large populations, indicate that 
the loss of birthweight resulting from cigarette smoking is  a d irect 
effect of some constituent of cigarette smoke on the rate of fo eta l growth, 
Although there is  a mean reduction in  gestational age, brought about by 
premature delivery, these infants too are of lower b irth  weight fo r 
th e ir gestational age. The weight loss requires the mother to smoke, 
not the f&ther, and seems to be quite unrelated to the other known factors 
influencing foetal weight; maternal age, parity  and socioeconomic class. 
Furthermore, Scott-Russell, Taylor and Law (1968) showed that infants  
bom to smoking mothers have an accelerated growth rate in  the f ir s t  six  
months of l i f e ,  which may be interpretated as a removal o f the foetus 
from the growth-retarding environment associated with the maternal smoking.
All of these observations would tend to fefute the repeated suggestions 
by Yerushalmy that the lowered birth weights are a result of the smoker 
rather than the smoking, (Yerushalmy 1971, 1972a, 1972b). Yerushalmy 
argues against the proposition that cigarette smoking acts as an exogenous
factor which interferes with in teruterlnb growth development and 
supports the view that the smoker represents a personality ’ type* 
that would have low b irth  weight babies whether or not they smoked*
A further argument against such a hypothesis is  derived from the, 
as yet, lim ited number of animal studies performed to assess the effects  
of cigarette smoke and its  constituents bn reproduction. The preliminary 
investigations of Essenberg, Schwind and Patras (1940) and Schoeneck (1941) 
have been mentioned. These authors as well as others confirm that 
cigarette smoke or nicotine administered during pregnancy results in  
a lowering of the b irth  weight (Becker and King 1966, Becker, L ittle  and 
King 1968, Kishimura and Nakld, 1958, Younossai, Peloso end Haworth, 1969) .  
However in a study using sheep, Kirshbaum, L ilts  and Brinkman (1970) fa iled  
to find any effects on foetal maternal gas exchange or cardiovascular 
function from either nicotine injections or simulated cigarette smoking.
The obvious d iffic u ltie s  of trying to reproduce human smoking and 
especially of trying to reproduce nicotine doses accurately, make in te r­
pretation of these studies d iffic u lt*  Indeed the role of nicotine in  
the aetiology of low b irth  weights, has recently been questioned (B.M.J. 
1973) end Ayres, Muller, Gregory e t. a l. (19^9) considered that the 
vasoconstrictive effect of nicotine on the placenta was lim ited to the 
time during which a cigarette was smoked, and the subsequent vasodilation 
more than compensated fo r th is.
More recent attention has been turned towards the hypoxic e ffect 
of cigarette smoking especially that due to carbon monoxide, Suhrie 
and M ille r (1944) found a reduction in  the l i t t e r  size and the average 
b irth  weight and a tendency towards abortion &f pregnant rats were 
exposed to CO. (400 p.p.m. for 8 hours d a ily ),
The f ir s t  experimental; studies on the transfer of CO across the
placenta were made by Fehling (1877) axil Hogyes (1877) although 
the two authors came to d ifferent opinions* Fehling demonstrated 
that with low. concentrations,CO did cross the rabbit placenta as 
molecular CO, but Hogyes a fte r exposing rabbits to 100  ^ in  which they 
died within 2j-minutes, could find no CO in  the blodd of the foetus. 
Nicloux (1901) also experimentally determined that CO crossed the 
placenta in  guinea pigs and formed carboxyhaemoglobin in  the foetal 
circulation in  lesser amounts than in  the maternal circulation. This 
confirmed an e a rlie r observation by Grehant and Ouinquard (1891) in  dogs. 
Their foetal/maternal COHb ratios (| ~ -|  ) were 0*17*
Gemzell, Robbe and Strom (1958) studied the amount of carbon 
monoxide in  the. foetal as compared to maternal blood in  humans and 
found th&t foetal blood had a lower level than maternal, with a fo e ta l/ 
maternal ra tio  of 0*36 -  0*84. Haddon, Hesbitt and Garcia■ (19.61),' found 
that the volume of CO in  cord blood was about equally matched to paired 
maternal samples, indicating a foetal/maternal CO ra tio  of about 1*0.
Young and Fugh ( 1963) found CO to be about equally distributed  
between the mother and foetus. However studies such as these are 
d iffic u lt to interpret unless the mother and foetus are in  equilibrium. 
Long© (1970) in experimental studies on sheep and. dogs concluded that 
at equilibrium the foetal level was higher than the maternal level by 
a ration of up to 2*4 i 1.
Whether this carbon monoxide in the foetus is a, factor in the 
aetiology of the low birth weights of smoking in pregnancy has only 
recently been questioned. Murphy and Molcahy (1971) and Comitock,
Shah, Meyer and Abbey (1971) having demonstrated a b irth  weight loss as - 
a result of smoking, put forward the hypothesis that the hypoxia resulting
from increased maternal end foetal CGHb levels was a causative factor.
Astrup (1972) and Astrap, Trolle, Olsen and ICjeldoen (1972) 
have attempted to correlate the COHh concentrations measured in women 
during their pregnancy with the subsequent birth weight of their offspring. 
The average hirth weight of the babies bom to 177 non-smoking women was
3,225g.:whilst, the 176 smoking women produced a mean birth weight of 
2,999g. Furthermore, there' was' a aignifleant negative correlation •
between birth weight and COHb, Astrup also demonstrated that exposing 
rabbits to CO (90 and 180 p.p.m.) during pregnancy reduced the average 
birth weight, increased the numbers of stillborn offspring and increased 
the mortality in the. first 24 hours of life. He .also indicated that 
some of the foetuses were malformed indicating a possible teratogenic 
effect of CO.
Cole, Hawkins, and'Roberts.(1972) investigated the smoking habits 
of a group of pregnant women and recorded their COHb levels. Simultaneous 
maternal and cord blood samples were taken at norm al delivery or at 
Caesarean Section to investigate the distribution of CO between . mother'.’ , 
and foetus and the effect of CO on the foetal oxyhaemoglobln dissociation 
curve was investigated in-vitro. T ic x’esitlto of this study and their 
relevance to the problem of cigarette smoking in pregnancy is tlie subject 
of this section. The present author was responsible for Initiating: 
the study and for the determination of the foetal oxyhaemo£;lobin 
dissociation curve, Diana Roberts was largely responsible for the 
determination of the maternal/foetal COHh ratios and Dz*. P.V, Gole for 
the organisation and’collection of many of the blood samples. The 
literature survey, treatment of results at u discussion reported here 
are entirely the responsibility of the present author.
b . M a te ria ls  and methods
200 women attending the afternoon session of the ante natal 
c lin ic  at St. Bartholomew’s Hospital (London) were questioned about 
th e ir smoking habits. A portion of the venous blood taken fo r 
routine investigation, was removed end taken fo r analysis of COHb 
by the method of Oommins and Lawther (p 60). Of the 200 women 
taken unselectively as they registered at the c lin ic , 124 were non- 
smokers and 76 were smokers (one or more cigarettes per day). Addition­
a lly  a further 76 smokers and 7 non-smokers were sampled at the morning 
session. In  this group the non-smokers were largely discarded. The 
results of the COHb measurements are presented in Section i .
Additionally 29 simultaneous maternal and cord blood samples were 
taken either fed’ normal delivery or at Caesarean section, COHb was 
measured on these samples and the paired results recorded. Foetal 
haemoglobin was determined on the cord blood samples by an a lk a li 
denaturation method (Singer, Chemoff, and Singer, 1951)* The 28 
samples used were those in which the Foetal Haemoglobin content was 
70$ or above? several other samples which showed less than 70$ Hb F 
were discarded.
The cord blood samples were then equilibrated in  a bubble tonometer 
with predetermined mixtures of carbon monoxide, oxygen and nitrogen as 
previously described, (p 193) • COHb saturations were ag&In measured
end oxyheeraoglobin saturations were determined by the method of Cole 
and Hawkins (1967) .  The T^  and T^  ^ fo r the foetal curves in  the 
presence of CO was determined by the extrapolation method (p 194). 
Additionally the T ^  of the normal foetal oxyhaemoglobin dissociation 
curve was determined a fte r in it ia l tonometry of the blood with pure 
oxygen to remove any CO,
A3.1 results were corrected fo r pH by iising Severinghaus’s 
correction (Severinghaus 1958)# and expressed at pH 7*40. 
Severingheus * s corrections apply to HbA, but i t  has been shown 
that foetal and adult blood show the same Bohr effect (Antonini, 
Hyman, Brunori, F ro n tic e lli, Bucci, Reichlin and F an e lli. 1964) .
The equilibrations were catiied out at 37°C.
Oxyhaemoglobin saturation in  the presence of CO was expressed 
in  terns of to ta l available haemoglobin, i .e .  the measured COHb 
saturation was subtracted from the to ta l haemoglobin concentrations
and therefore the oxygen carrying capacity. (Houghton 1954)
t'.C {
c. Results
Tables 3*125 - 3.12? ;
Figures 3.46 - 3*48
Foetal/Maternal ratio of carboxyhaemoglobin 
Simultaneous maternal and cord blood samples-
taken either at normal delivery (ll) or 
: Caesarean Section (C)
c/M' V- : V - ' ' . coimC : ■ ■, _  ~ —  * * „,-r-ir.n, Ycohh) 'F
-Maternal ' Foetal ; . • . COHb M
<yiwiiKawa>t«»wiiwB^nirtii
0 3*00 4*80 1*60
H, 0*87 2*00 2*29
K 2*00 3*60 1*80
H 1*25 2*40 1*92
H 0*48 1*25 2*56
c 0*00 2*1? -
B 2*00 2*70 1*35
B 2*90 4*80 1*65
■H 1*44 3*90 2*70
C 0*61 2*85 4*67
0 0*55 1*10 3*14
H 0*98 1*66 1*69
0 0*48 1*25 2*56
N ‘ 1*07 1*80 1*68
B 1*25 1*56 1*27
K 1*34 1*95 1*45
H 1*48 2*06 1*39
0 0*00 1*30 -
K 0*80 1*35 1*68
N 0*10 2*03 (20*30)
N 1*64 1*97 1*20
H 4*10 7*70 1*87
ffable 5.125 continued.
C/ll Material Foetal
N " . 2-10 . ' 2*60 1*24
C 1*98 1*20 0*61
C 2*32 3*16 1*36
C 3*30 2*70 :0*81
M 2*90 , 4*70 .. ""■■..■1*62:-.
M 4*20 , 7*80 1*86
Mean -  SB 1*55 £ 1*19 2*70 £ 1*81 1*84* 0*83
TABLE 3.126
COHb io
Results of determination of at 0$ 
'--------------  :-----------  :----“--------pO ;—
COHb and carboxyhaemoglobin values up
to 21/j
T^q mmHg, Shift in T,
A 0 jo per 1 jo COHb,
1 6 * 8 5
6*25
19*60
1*7 0
7 * 4 0
14*66
12*50
18*60
1 8 * 2 5
21*00
0 * 0 4
0*10
0*00
0*00
0*00
0 * 2 4
0*08
21*50 
23*50 
2 3 * 5 0  
2 3 * 5 0  
2 3 * 5 0  
2 3 * 7 5  
2 0 * 5 0  
3 1 * 2 5  
2 7 * 5 0  
2 7 * 5 0  
1 5 * 2 5  
2 4 * 5 0  
1 7 * 5 0  
16* 60 
2 7 * 5 0  
1 6 * 7 5  
21*25
1 7 * 2 5
22*10
20*00
22*50
18*90
2 0 * 3 5
1 9 * 2 5
22*10
1 7 * 7 5
14*00
0*252
0 * 2 2 4
0 * 1 7 8
0 * 5 8 7
0*720
0 * 2 3 3
0*100
0 * 4 9 2
0 * 5 3 4
■0*642
Mean T^ at 0°/o COHb. 22*10 £  4*86 Mean Shift in 0 * 3 9 ^  £  0 * 2 2 2
t • ■: per 1$ COHb.
(n = 13 non duplicated samples)
TABLE 5*127-
Results of determination of T„,_ at 0$  --------. . 25---------
COHb and a.t carboyxhaemofflobin levels 
up to 20io
COHb/b Shift in T,
21
0o f per COHb.
16*85
6*25
19-60
1*70
6*70
12*5
14-75
15-50 
15- 50 
14-50
14-50
15-60
10*50
15-40
12*40
15*60
10*80
10*80
0*252
0*536
0-158
0*530
0*550
0*224
Mean Toc at 0 COHb 
. 25 14-59 i 0*78 Mean Shift 0*542 - 0*164 in V per ,
1^o COHb
(n = 4 non duplicated samples)
Regression y =  l .  27x + 0. 76
Line of 
Equality
y g
6
COHb %  
(Maternal)
Relationship between paired cord blood and maternal 
COHb levels. Open circles - samples obtained from 
normal delivery. Filled circles ~ samples from 
Caesarian delivery. See table 3*125*
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Figure 3»d7 Normal oxyhaoinoglo b i n dissociation curve for lib?, 
at 37°C and PH 7»40. Continuous line - according1 
to Hellegers and Schruefer (1961). Broken line - 
present study with mean and range at and
and further individually determined, points at 
other positions*
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Figure 5.48 Normal oxyhaemoglobin dis.sociat.ion curve for HbF.
determined in-vitro at 37°C end PH 7*40, and 
shift in the curve resulting:; from trie presence of 
5,10,15 or 20°/> COHh. as determined by f c.Q and T ^
shifts.
■ Commentary on Results
" A. Foetal Maternal ra tio  V 
£he. -ratfto of foetal to maternal COHb concentration was determined 
in  29 paired samples. Except fo r two samples, both obtained from 
caesarean deliveries, the foetal level was higher than the maternal 
leve l. Table 3.125 gives the complete data and Figure 3.46 is  a 
plot of this together with the calculated regression lin e . I t  can 
be seen that the points obtained from caesarean deliveries tend to lay  
around the periphery of the scatter. This tends to suggest that under
the conditions of a surgical operation there is  a greater tendency
"be
fo r the mother and foetus to/out of equilibrium. For example three 
of the points are at Off. maternal COIIb whereas the foetal levels are 
up to 2•2$, indicating that the mother had eliminated the carbon monoxide 
in her circulation but that the foetus had not yet done so. In  two 
other cases the maternal level was higher than the foetus indicating  
that the mother had recently acquired CO that had not yet equilibrated  
with the foetus.
B. Oxyhaemoglobin dissociation curves.
..The bulk of the determinations were made as estimates of or ^25* 
(Tables 3*126 and 3*127) Figure 3*47 shows, the mean and range of these
together with the probable curve that applies to those points. In  
addition 12 estimations on 3 d ifferent blood samples were made at other 
positions on the curve and these too are plotted in  Figure 3*47* The 
estimated curve lie s  to the right of that published by Kellegers and 
Cchrueffer (1961) at the same pH. I t  is  however considerably to the 
le f t  of the normal adult dissociation curve as published by Severinghaus 
(1358) t at but less so at .The HhA for example is 26.5 mmHg
and the TOK is  15* 5? compared to theHbF Tm 22*1 and Ta(- 14*7
This means that the foetal curve is  more sigmoid than the adult 
curve* a factor which w ill be discussed la ter* The wide range at
the progressive s h ift to the le ft;w ith  increasing amounts of carboxy-
( Tables 5*126 and 3*1ST) From this the s h ift erpeoted at 5* 10* 15 
or 20/' COHb we,s calculated and these plotted to produce a family of 
curves (Figure 3«4B)* I t  can be seen that not only does the curve 
s h ift to the le f t  but its  pronounced sigmoid shape is  flattened even 
at the lower COHb levels*
T50 is  produced ty  only a few estimations. For example only four-
out of the 17 estimations of lay below 20 rnniHg* but one of these 
was as . low ■
The changes in  with up to 21$£ COHb were determined on 10 
samples, and the changes in Tg*. on a further 6. In  order to determine
haemoglobin* the change in  and T j^. fo r 1$ COHb was calculated*
d* D iscussion
The weight of evidence to date suggests that women who smoke 
during pregnancy expose their foetuses to the risk of being horn with 
lower than average birth weight* There is evidence also that smoking 
is associated with an increased risk of abortion, although the 
evidence here is not so strong (U.S. Dept, of Health Education and 
Welfare 1975)* More definite evidence exists that smoking Is 
associate with an increased risk of stillbirth and perinatal mortality 
(including deaths up to four weeks post natum)« (e*g* Butler and 
Alherman 1969) Some studies also have indicated an increased risk 
of congenital malformations (e. g* Kull under and KSllen 1971 •» Butler 
and Alberman 1 $6$), althou^x others have not been able to show this 
(e*g. Ontario Dept* of Health 196?)*
The weight of evidence suggests also that these effects ere a 
consequence of inhaling cigarette smoke during pregnancy and are not 
a result of other non-causal relationships such as age, parity or 
socioeconomic class* What is yet uncertain is what are the causative 
compounds in cigarette smoke*
Several studies have shown that women who stay at hi^i altitude 
throughout pregnancy give birth to babies of a lower birth weight than 
those bom at sea level (Grahn and Kratchraan 19&5* United States Public 
Health Service, 1965** Lichty, Ting, Bruns and lyar. 1957) • Mchty
et* al. showed that, at an altitude of 3*500 M* the average weight 
reduction was about 300 g. These observations indicate that a low 
arterial POg in the mother and presumably therefore in the foetus can 
lead to growth impairment* There, is every good reason to believe 
that the result of smoking during pregnancy is to limit the rate of 
growth of the foetus in-utero* Butler and .Alberman (19&9) showed
that at every gestational ago between 3 5...and 43* weeks the foetus bom 
to the smoking mother was lighter than that bom to the non-smoker*
The perinatal mortality associated with smoking is almost certainly a 
result of the growth impairment since the perinatal mortality for 
smokers is no greater than for non-smokers if compared on a foetal 
♦size for dates* basis* (U*S* Dept* of Health Education an& Welfare 
1977) Furthermore the weight gain after birth is more rapid in those 
children bom lighter to coking mothers (Scoti-Russell, Taylor and 
Law 1968)* " .
Since the observed effects of smoking are those of growth impairment 
and since hypoxic hypoxia is known to produce similar growth impairment 
it is reasonable to suggest that a hypoxic effect of smoking Is a 
possible causative factor*
A previous section has dealt with the hypoxic effect of CD, 
particularly that caused by a leftward shift in the oxyhaemoglobin 
dissociation curve (Section iv).
The foetal oxyhaemoglobin dissociation curves determined in this 
study show that the foetus has a curve normally situated to the left 
of the maternal curve. The foetal blood is therefore fully saturated 
with oxygen at a lower POg than that required to fully saturate the 
maternal blood* The normal physiological significance of this is that 
the foetus is by this means, -able to obtain oxygen more easily from 
the maternal circulation* However, such a leftward shift is dis- 
advanta$203sat the tissue level since it impairs offloading of oxygen 
to the tissues (PI99). However the extra sigmoid shape of the 
foetal curve has the effect of making it lay more to the right at 
the lower end, in fact very near to the raatemll (adult) curve* The 
normal foetal curve is therefore unique in being able to readily acquire
oxygen, from m  environment in which oxygen is not readily available, 
and at the same time to be able to utilise this oxygen at tissue level 
v;ithout impairment*
However one consequence of smoking is that the maternal COHb 
concentration is raised significantly above that of non-smokers 
(fable3.l). This study has shown that this results in an increase in 
foetal COHb thus confining many previous findings* The results 
also indicate that the foetal level may be in excess of the maternal 
level at equilibrium.- Unf ortunaately it is impossible to simultaneously 
sample the foetus and the mother at equilibrium, unless under experimental 
conditions* Xongo (1970) showed with sheep end dogs that the foetal 
level is up to 2*4 times that of the mother after acute exposure, 
although KirschbsuiB, Dilts and Brinkman (1970) found that in pregnant 
sheep exposed to cigarette smoke, the maternal COHb concentration 
increased whilst the foetal concentration remained constant. The 
present study may be critisclsed for the fact that women in childbirth 
and probably even more sc, during caesarean delivery, are certainly not 
in equilibrium with respect to transplacental carbon monoxide levels*
Where the women is suddenly required to hyperventilate and especially 
if she is being given oxygen,it is to be expected that her blood levels 
of COHb will diminish rapidly. This however is occurring at a time
when there is partial placental seperation, and so the differences 
between the mother end foetus are to be expected* These factors are 
probably responsible for the wide range of foetal/maternal ratios 
given in the literature*
Despite this it is also to be expected that the foetus during 
growth will have a COHb level in excess of the mother, because of their 
differences in oxygen status. It can be calculated from the Haldane 
equation that if normal values of POg and oxygen saturation for maternal
and foetal arterial 131001 are taken, at the same PCO the foetus 
will have a carhoxyhaemoglohin level 1*78 times that of the mother : 
(p171). (Foetal M » 172. l&gel, Rodkey, OHtfeal et* al. 19&9*
Maternal M * 210 Sendroy, Liii and Tan Slyke 1929)*
The mean foeial/maternel ratio in the present study was 
1*84 - 0*83, which is numerically very close to the calculated value*
It is likely therefore that a women who has 105* COHb will have a foetus 
containing about 18^ .
The physiological consequences of the shift in the oxyhaemoglobin 
dissociation curve caused by this COHb have been dealt with elsewhere 
(Section iv). The present study confirms that the foetal dissociation 
curve is shifted by CO in much the same way as human adult or rabbit 
blood. However in the foetus the left shift and the straightening of 
the sigmoid lower end of the curve has special significance (Figure 3*48). 
The reason why the foetal curve has a more pronounced sigmoid shape 
has been explained, and the effect of even small amounts of carboxy- 
haemoglobin (e.g. 5$) is to shift the curve to a position which is 
unfavourable for the offloading of oxygen to the tissues* Reference 
to Figure 3*48 reveals that at a FO^ of 10 mmEg the normal curve will 
result in the offloading of 87*5/^  of the carried oxygen, whereas in 
the presence of 10$ COHb only 78$ is available to the tissues. The 
foetal tissues would have to lower their working FO^ from 10*0 to 6*2 
in order to acquire the same quantity of oxygen.
It must also be remembered that there are other hypoxic stresses 
resulting from CO. Flatly a quantity of functional haemoglobin 
is removed from both the maternal end foetal circulation. Secondly 
there is a fall in maternal arterial POg as a result of the venous to 
arterial shunting of mixed benous blood returning with a lower than 
normal POg. (Ayres, Gianelli, and Armstrong 1985*, Brody and Coburn,
1969*, see also Section ill). Y/hether a similar mechanism in 
the foetus would result in foetal arterial hypoxaemia is unknown, 
but the maternal effects alone "by lowering the POg in the arterial 
supply to the placenta, will impair oxygen transport. bongo (1970)
'has calculated that carhoxyhaemoglohin is the equivalent hypoxic 
stress of a 40$ reduction in foetal blood flow or in foetal haemoglobin 
concentration. This is certainly not made up for by compensatory 
increases in haemoglobin, although tliere is some evidence that the 
foetus bom to the smoking mother has a higher haematocrit than one 
bom to a non-smoking mother. (Younosaaiy Kacie and 'Haworth-, 19&8). 
Younosaai ei. al. also found evidence of a metabolic acidosis in the 
smoking infants, with a fall in standard bicarbonate. This too is 
evidence of tissue hypoxia and has been shown elsewhere in this study 
as a result of carbon monoxide exposure. (Section iii)
Other reasons for the effect of carbon monoxide on foetal develop­
ment have been suggested. Tanaka (19^ 15) found that placental tissue 
respiration was inhibited in smokers and that maternal COHb and placental 
respiration were inversely correlated. Mantell (1964) has shown that 
carbonic anlydrase activity in cord blood is depressed by maternal 
smoking and has suggested that this could affect foetal CO^  transport.
It is appreciated also that other constituents of cigarette smoke 
are likely to have a detrimental effect on foetal development! the 
most likely of these being nicotine. Chronic injections of large doses 
of nicotine in pregnant rats has been shown to result in a reduction in 
birth weight (Becker and King 1986, Essenberg, Schwind and Patras 1940). 
However reproducing the dose and 'intermittent exposure due to smoking 
is.important, since it has been suggested that placental vasoconstriction 
lasts only for the time the cigarette is smoked and that subsequent 
vasodilation more than offsets this. (Ayres, Muller, Gregory et. al 19^9) *
However the placental vasoconstrictive effect may not "be the only 
factor* Twelve, Hansson and Schraiterlow (1968) were able to show 
that ! C labelled nicotine passed across the placenta in the mousef 
end it is possible that the nicotine acts directly on foetal tisanes.
Sohtag and Wallace (1935) detected a rise in foetal heart rate in 
the human after smoking which may be due to transplacental nicotine or 
may be due to the transplacental passage of maternal catecholamines 
released as a result of nicotine. Susuki, Horiguhi, Gomas-Urrutia et. 
al (1971) have concluded that single intravenous doses of between 0 * 5 
and 1*0mg. (equivalent to that absorbed from a single cigarette) is 
likely to reduce the oxygen availability to the foetus.
It can only be concluded that if nicotine has a similar hypoxic 
effect to that demonstrated for carbon monoxide, the total effect 
resulting from cigarette smoking must be a significant decline in 
oxygen availability both to the foetus and to the foetal tissues. If
nicotine has such an effect then it is presumably transitory whilst 
the cigarette is smoked, whereas GO once acquired exerts its effect 
for some considerable length of time. (J life in excess of 4 hours 
P 925. ■
It is interesting that Murphy and ITulchah^  (1971) showed that there 
was a dose response relationship between the foctal weight loss and the 
number, of cigarettes smoked per day up to 10-12 per day. After this 
number the loss of foetal birth weight remained constant. Xt will be 
recalled that the COHb level increases with increasing numbers of 
cigarettes smoked up to about 20 per day after which it remains essentially 
constant (Figure 3*5)* It might be expected on the other hand that if 
nicotine was largely responsible for the birth weight loss then the 
observed effects would show a continuous dose response relationship 
with increasing numbers of cigarettes smoked.
e, Summary'
pie foetal/maternal ratio of carboxyhaemoglobin was estimated 
in 10 simultaneous samples taken at Caesai'ean delivery and 19 samples 
at normal delivery* The mean ratio was 1 *84 - 0*8$. With only two 
exceptions the foetus had a COHb concentration higher than the mother. 
It is suggested that this is due to the differences in oxygen status 
between the maternal and foetal circulations* COHb is shorn to 
shift the foetal oxyliaemoglobin dissociation curve to the left* The, 
relevance of this to the observed low birth weights associated with 
cigarette smoking In pregnancy is discussed*
v i i .  Carbon Monoxide and A th e ro sc le ro s is *
a. Introduction
It has been known from before the beginning of the present century 
that CO affected blood vessels* Ackerman (1858) noted that in both 
CO and coal gas poisoning there was a vasodilatation in the central 
nervous system which resulted in hyperemia of the brain. This was 
confirmed by Pick (1899) $ Claude and Xhermitte (1912) and Yant,
Chomyak, Schrenk et. al. (1954)* Klebs (I865) showed from animal 
experiments that this vasodilation was due to atonia in the vascular 
musculative, a conclusion that was later confirmed by Hiller (1924). 
Although much of the earlier work was concerned with blood vessel 
effects in the brain, effects of CO on the vascular wall in other parts 
of the body began to attract interest from about 1925* Rosenblath 
(1925) noted that carbon monoxide exposure led to thickening of the 
arterial wall with ’’swelling and loosening of the vascular membranes.” 
He also found hyaline and fatty degenerative changes with occasional 
calcium deposition. In many cases the capillaries had thickened walls 
with swollen endothelial membranes* Rix (1932) also observed 
capillary damage in dogs exposed to CO* Petri (1927) found that 
after carbon monoxide exposure the vascular walls become progressively 
dilated, the tissue fibres separate and swell so that the vascular 
wall bulges and the intima is tom. The tom gaps are then according 
to her study rapidly closed by brush-like plugs of fibrin. Yant, 
Chomyak, Schrenk et. al. (1934) found that in their study, the 
perivascular tissue was extremely oedematous and that the endothelium 
of some blood vessels was swollen. Hastelli (1940) reported that 
the endothelial lining of the coronary arteries was damaged after CO 
poisoning.
These studies established that CO was capable of causing direct 
damage to the vascular wall. However true atherosclerotic changes 
were not reported probably because they were concerned with acute 
high-level exposiire to CO rather than chronic exposure. Astrup,
Kjeldsen, and Wanstrup (1967) were the first to report that exposure 
to CO for 10 weeks at between 170 p.p.m. and 350 p.p.m. greatly 
enhanced the development of aortic atheromatosis in cholesterol fed 
rabbits, Hellung-Xarsen, Laursen,iCjeldsen et. al, (1968) and Wanstrup 
Kjeldsen and Astrup (1968)* later confirmed that CO per.se. could 
accelerate the rate of spontaneous atherosclerotic lesions in the 
rabbit. Bimstingl, Hawkins and McEwen (1970) confirmed that CO 
enhanced the rate of lipid deposition in cholesterol-fed rabbits, and 
Webster, Clarkson and Loftland (1970) have shown similar findings in 
primates (squirrel monkey), Kjeldsen (1969) has investigated the 
role of tissue hypoxia as being the cause of the CO induced athero­
matosis by exposing cholesterol-fed rabbits for eight weeks to 10$
02 ia the inspired air. Like CO, hypoxic hypoxia was found to enhance 
the development of atheromatous plaques.
Kigldsen, Astrup and Wanstrup (1972) and Astrup (1972) have 
reported the findings of a series of experiments designed to investigate 
the effects of CO on the aortic intima. They have shown that 180 p.p.m, 
CO for two weeks, results in pronounced changes characterised by 
sub-endothelial oedema, endothelial swelling, formation of sub-endothelial 
blisters and plaque formation. Myointimal cells showed vacuolation by 
transmission electron microscopy and the endothelial cells showed severe 
dengeneration with cytolysis and condensation.
An interest in the possible effects of 00 in the etiology 
of vascular diseases stems from the well recognised correlation 
between smoking and atherosclerosis. Prospective American studies 
have shown that men aged 40-49 who smoke 40 cigarettes per day have 
five times the risk of dying from ischaemic Heart disease than non- 
smokers. (Hammond 1972) Hirayama (1972) in a five year prospective 
study of 26%118 men and women in Japan found that the mortality 
ratio in men for atherosclerotic heart disease was on average 1*56 ^or 
smokers as compared to non-smokers, For women the mortality ratio 
was 1*44» Both were significant at the 95^ level. He found also a 
significant dose response relationship whereby the individuals smoking 
more o cigirettes for longer periods of their lives had the highest 
mortality ratio (2*09 men * women) and those smoking least for only 
short periods had the lowest mortality ratios (1*52 men * women).
Results of the 16 year prospective study in Framingham also 
show that of all the risk factors , in coronary, heart disease (High 
blood pressure, elhvated serum cholesterol, glucose intolerance, 
age'and cigarette smoking), cigarette smoking emerged as the most 
eignifleant risk factor. Smoking was not as strongly related to 
Coronary Heart Disease in women as it was in men, (Cordon, Sortie and 
Kannel 1971) British Bata indicates that in men of age 45-54 smoking 
15 cigarettes per day or more trebles the risk of dying from coronary 
heart disease (Doll and Hill 19&0*
Of considerate interest then is whether or not the CO absorbed 
from cigarette smofcejiCSect^ uu ,'i)is related to the arterial pathology 
resulting from smoking. Recently Wald, Hdward,8mith et. al. (1973) 
have correlated the 1,083 COHb estimations takenbyKoeldsen (19^9) in 
Copenhagen with the subsequent incidence of Ischaemic Heart diseases 
(Angina Fectorie, !'yocardial infarction and Intermittent Claudication)
They found that COHb levels provided a better indication of a person's 
risk of developing atherosclerotic diseases than the smoking history,
A person with COHb or more was found to be 21 times more likely 
to be affected by these diseases as another person of the same age and 
sex and with the same smoking history, but with a COHb level of less 
than 3r* This study would indicate that COHb is a useful indicator 
of tobacco smoke absorbtion and that tobacco-linked diseases correlate 
better with COHb levels than with numbers of cigarettes smoked since 
the latter does not take into account personal smoking habits such as 
inhalation* It does not however provide evidence that CO is a 
causative factor in atherosclerotic disease since this could also be 
caused by any other constituent of tobacco smoke absorbed into the 
circulation. However the experimental evidence does suggest a 
causative role for CO. It is the purpose of the present study therefore 
to confirm ind extend previous experimental studies of the role of CO 
in the etiology of atherosclerotic disease.
b. Materials and Methods
■Male Hew Zealand White/Californian crossed rabbits “bought at 
three to four months of age and two and half to three kilograms in 
weight were used throughout. She standard diet consisted of RGP 
Pellets (Christopher Hill Group) and water ad libitum. Ihere the 
standard diet was supplemented hy Cholesterol the following procedure 
was undertaken. 200g of Analar grade Cholesterol was dissolved in 
about 1 litre of Analar grade Chloroform. Ihis was then mixed 
thoroughly with 10 kilogrkns of RGP pellets in a large open tray 
in a fume cupboard. The pellets were turned occasionally and allowed 
to dry for 24 hours. She resulting diet contained 2^ cholesterol*
Pellets for the control rabbits were treated similarly with chloroform 
alone. . • .
Rabbits were exposed to 300 p.p.m. CO continuously as previously 
described (Part 2). The experimental design is summarised in table 3*128.
TABLE 3.128
Experimental design for exposure of rabbits 
to carbon monoxide and controls
Group 1 2 . 3 . ...4,...... . 3
Humber 8 8 8 8 4
CO (p.p.m.)
oo ooN“\ 0 0 o
Cholesterol (0) 0 2 2 0 o
Time (months) 4 4 4 4 . 4
Groups 1 and 2 represent four separate experiments each involving 
the exposure of four rabbits. Groups 3 and 4 were maintained simultaneously
with groups 1 and 2 hut were hot housed in an exposure chamber.
In order to control for any possible effects of the exposure chamber 
environment a further group (group 5) was subsequently housed in the 
chamber but not fed cholesterol or exposed to 00.
At the end of the experimental periods the animals were killed 
by an intravenous injection of ’llembutal* (Sodium Pentobarbitone).
A mid-line incision was made into the abdominal cavity from the 
symphysis pubis to the Xiphi sternum. A general examination of the
abdominal cavity was made and in particular note was made of lipid 
deposition in the mesenteric lymphatics and elsewhere and fluid 
accumulation in the peritoneal cavity. A four centimetre section 
of the abdominal aorta was removed just below the renal arteries and 
above the femoral bifurcation. The renal arteries were removed on 
either side.
The Thorax was exposed by cutting the ribs on both sides and 
removing this anterior flap* Kote was taken again of pleural fluid 
and lipid involvement of the thoracic lymph nodes. The aorta was 
sectioned between the heart and the arch, and the heart was removed.
The, arehof the aorta and the entire thoracic aorta down to the level 
of the diaphragm was then removed.
The removed arterial sections were placed in isotonic saline and 
examined immediately for gross (visible) plaque formation. The arteries 
were cut longitudinally and a visual examination was made with the aid 
of a magnifying lens for areas of whitening either with or without obvious 
lipid accumulation (i.e. substantial raising of the plaque above the 
normal intimal surface), The severity of the lesions were assessed on 
the basis of the number and area of visible plaque for a given length of 
artery. A scale was devised similar to that used by Kjeldsen (1969)*
Grade -  Smooth in tim a  w ith o u t p a th o lo g ic a l
' findings' \
Grade 4 Small isolated plaques, few in  number
and which were not raised above the 
intimal surface.”
Grade 44 Itedium size plaques which %?ere f la t  and
not confident*
Grade 44+ Medium size plaques which protruded into
the lumen but were not confluent.
Grade 4444 Extensive plaques, some of which were
confluent and protruded into the lumen 
of the artery.
A substantial length of both the le f t  and right coronary artery was 
cleaned and opened and sim ilarly examined fo r maoroscopic plaques.
A section about 1 cm. in  length of thoracic aorta ju s t d ista l 
to the arch and before the f ir s t  intercostal outlet was excised and 
kept in 2^ formalin fo r histological examination. These sections 
were wax embedded and stained by Meigerts (1898) Elastic tissue stain 
or by Moore’ s Modification of the V'eigert-French stain (Drury and 
Wellington 1967)* A further small section from the same area was 
removed and frozen in liqu id  nitrogen, This was then sectioned on 
the freezing microtome and stained by Schultz’ s method fo r cholesterol 
and cholesterol esters (Drury and Wellington 1967).
In a further series of experiments rabbits were exposed fo r 2 weeks 
to 300 p.p.m. GO and a section of thoracic aorta was removed fo r 
examination with the Electron Sc an Microscope. The following technique 
was employed. The animal was k ille d  immediately upon removal from the
exposure chamber by m  Intravenous injection of ’Berabuial * • The 
thorax was opened and the arch of the aorta was clamped with a paly; 
of mosquito forceps# The inferior vena cava was cut and a needle 
was inserted into the aorta just distal to the clamp through which was 
slowly pumped about 250 mis* of fixative; (4$ Glutaraldehyde, 0*2M 
Sucrose In 0*1M Cacodylate buffer brought to p H 7*4) • The aorta 
was thus fixed at near to atmospheric pressure. A small section of 
the thoracic aorta involving the first two or three intercostal 
outlets was removed and placed into a dish of the glutaraldehyde 
solution for a further 30 minutes, and then thoroughly washed in 
physiological saline. The specimen was then clipped to a piece of 
filter paper with two small staples at. either end so that it lay flat 
with the intimal surface uppermost. It was then placed in a solution 
of 1# Osmium tetroxide buffered with Veronal Buffer to pH 7*4 for 
1 hour at 4°G. After this time it was placed in a 50?50 mixture 
of acetone and propylene oxide for 30 minutes and then a second 50*50 
mixture for a further 30 minutes. After dehydration in this way 
the specimen! was transferred through graded mixtures of acetone and 
benzene upM to pure benzene. (Acetone: benzene in the proportions 
90*10, 70*30, 50*50, 30:70, 10:90, $*100., for 30 minutes each). The 
specimen was then removed from the filter paper by cutting away the 
clips and mounted on a metal stub using double-sided adhesive# The 
mounted specimen was then freeze-dried and coated with a 100°A conduction 
coat of gold/palladium in-vacuum. The specimen could then be studied 
with the Scanning el ectron microscope (Stereo scan S2 - Cambridge 
Scientific Instruments Ltd). The method of preparation was modified 
from Kjeldoen, Astrup and Wanstrup (1972).
In order to study the reaction of the intimal ridge pattern 
under different amounts of inflation pressure, short lengths of 
abdominal aorta were inflated vdih physiological saline to known 
pressures and fixed. ffiie following technique was employed*
A small (2cm) length of abdominal aorta below the renal arteries 
was cleaned in situ and side-branches were tied off and cut. The 
section was fimly tied at the distal end and a cannula inserted and 
tied into the proximal end. The arterial sac attached to the cannula 
was then removed and ©aline was injected via the cannula until a 
pressure of either 60 or 120 mmHg. was reached. The sac was held at 
this pressure whilst it was placed rapidly into a thermos flask 
containing liquid nitrogen. After freezing the section was cut from 
the cannula and placed, still frozen, onto the stage of a freezing 
microtome. sections were then cut and fixed to a glass microscope
slide, and stained by Moore’s Modification of the Vfeigert-French Stain. 
(Drury and Wallington 1967).
c*„Be,sulrtg. and Commentary
Prolonged CO exposure and Cholesterol feeding 
General examination of the 00 exposed animals revealed that 
one consistent finding was an increase in the fluid volume particularly 
in the peritoneal cavity, hut less so in the pleura space and pericardial 
. sac, as ’ compared to the non-exposed : controls. ’ The -rabbits' on a' ..
cholesterol diet additionally showed very marked lipid deposition in 
the mesenteric lymph node©. The mesentery in these animals contained 
up to ten large fatty..nodules usually about 1 cm. in diameter.
The results of macroscopic' examination of the arterial system, 
are presented in Table 3*129. The differences in the grades assigned 
to each rabbit at each of the four arterial sites examined were tested 
by the Y/ilooxon rank test. The ranking end probabilities derived from 
this are presented in Thbleo 3*130 - 3*133* Topical macroscopic 
appearance of the arteries in each group are shown in Figures 3*49 - 3*52.
The T/ilcoxon rank test indicates that in the thoracic and abdominal 
aorta cholesterol feeding 'alone.results..in- a significant increase in 
the severity of atheromatosis as compared to controls (p = < 0*01). 
However in the renal and coronary arteries cholesterol alone does not 
significantly increase the severity of arterial lesions (p>0*05)*
Carbon monoxide alone fails to significantly increase the amount of 
atheaxsatosis although in the thoracic aorta signifcance is very close 
to the 5/j level and there are a number of rabbits showing grade 4 lesions 
(table 3*129). 'flam C O m d  cholesterol exe given toother there is a 
significant increase in atheroma at the 1^ level compared to either 
CO alone or cholesterol alone at all of the arterial sites. The two 
groups of control rabMts one maintained inside the chamber and the other 
outside (groups 4 and 5 'fable 3*129) show that there is no effect produced 
by housing in the chamber.
Microscopic appearance in the area of a plaque shows the 
typical structure of an atherosclerotic lesion in the rabbit (Iraai,
Lee * Pas tori et. al. 1966). The luminal surface is covered by a 
fibrous cap containing some elastic-staining material (Figure 3#53,
5 *54)* The intima is thickened to be equal to or thicker than the 
media and is filled with foam cells interspersed with occasional 
smooth muscle and elastic fibres. The lesion is usually limited by 
the internal elastic lamina of the media although occassionally the 
media is seen to be Involved and a few of the internal laminae are 
separated and ruptured, (Figure 3*54). The media appears stretched 
with the elastic fibres str&i^itened and not showing the wrinkling 
that is characteristic of normal arterial sections, (Figure 3*53 end 3*56) 
Special staining for cholesterol and cholesterol esters (Shultz’s 
reaction! indicates that in animals fed on a cholesterol diet the lipid 
accumulates in large patches along the internal elastic lamina. The 
media appears to be an effective barrier to the passage of cholesterol 
into the arterial wall. (Figure 3*57, 5*58) In those animals exposed 
to CO and cholesterol-fed the lipid content of the intima is much 
greater than those fed on cholesterol alone. (Cf Figure 3*58 and 3*64)* 
Occasionally in small localised lesions in cholesterol-fed animals the 
plaque is heavily laden with cholesterol. (Figure 3,65) CO exposure 
alone produces a thickened intima but there is no evidence of cholesterol 
involvement (Figure 3*60)
Electron Scan Microscopy reveals that the normal aorta has an 
intimal surface with areas of long straight and seperated ridges. The 
sides of each ridge are smooth and parallel.
The normal size of these ridges are about ^  high and ^  wide at the 
base and the tops of the ridges are about 12^ apart. The ridges are
arranged longitudinally. This appearance however is not invariable* 
There are frequent areas where the ridges fuse into one another 
(Figure 3*69) and occasional areas of flattened ridges (Figure 3.67) • 
Ridge deformities are particular marked around the intercostal arteries 
and it is characteristic in cortrol arteries that the proximal side 
of each intercostal outlet has an area of gross ridge abnormality.
. (Figure3*10$ 3.71) .
After two weeks of exposure to CO at 300 p.p.m, (equivalent to 
24^ HbCO falling to 16^ after two weeks., Figure 3*21), the thoracic 
aorta showed several characteristic changes. The ridges were often 
ho longer parallel sided but had a swollen, ’bumpy* appearance (Figure 
3*72). Over much of the intimal surface the ridge pattern was swollen 
to such an extent as to be flattened (Figures 3*73* 3*74* 3*75 show 
progressive flattening). The endothelial surface was usually seen to 
be folded in tiny ridges running at righi-angles to the larger ridges 
(e.g. Figure 3*74)* In many sections small eruptions (up to about 
in diameter) cotild be seen. These were never seen in the control 
sections (Figure 3*7,6, 5*77» 3*78, 3.80), The ulcers were usually 
seen to be associated with a large amount of adhered fibrin (Figure 
: ■ 3.77 and 3.8O). .
Occasional ridge areas of normal appearance could be seen in CO 
exposed sections although they were small in area (Figure 5.79* 3.81). 
Under low power the difference between control and CO exposed sections 
was often striking. The 00 exposed artery usually has a granular 
"cobblestone0 appearance whilst the control has a smooth surface with 
the ridges forming long flowing lines (Figure 3*82, 3.83) •
The region of the ..intercostal 'Outlets 'was also seen to be altered 
in  architecture as a result of CO exposure. Sometimes the whole area
appeared granular as in Figure 3 • 82, but occasionally the ridges 
were seen to remain relatively smooth but to become grossly disarranged# 
(Figure 5*84) Instead of the ridges running longitudinally many v/ere
seen to run at varying angles to the line of the artery.
The significance of the intimal ridge pattern was investigated 
by studying the surface folding under different extents of inflation, 
by light microscopy. At atmospheric pressure the elastic laminae of 
the media appears extremely wr5.nkled and althoxigh the intima is 
folded and wavy there is no clear connection between the medial folding 
and that of the intima. (Figures 3*56, 3*85) At a luminal pressure 
of 60 mm.Hg above atmospheric the arterial wall is thinner with the 
elastic laminae of the media laying closer together, although there 
is no apparent reduction in wrinkledness, (Figure 3*86) At a luminal 
pressure of 120 mm.Hg above atmospheric the arterial wall is again 
thinner, with the elastic laminae laying, close to each other and flattened. 
The intima however.is still often folded although straight areas of 
intima can be seen in any section, (Figure 3.87)
■ gABLB 5.129
Graded severity of lesions observed at 
various sites in the different groups of 
rabbits.
500 p.-p.m. GO alone (Group 1)
itauuxx in o . i 
Ihoracic aorta +
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......_? _ D
+
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+
Abdominal 
aorta — - • + - .+ ■' . -
Coronary
arteries - - + . -  . - •  ..
Henal arteries - — ' — *■* — *• **
300 0.0.m. CO + 2# Cholesterol (Grouu 2)
Habbit No. 1 2 5 A .....  5 ■ 6 1  _ 8
thoracic aorta +++ 4*4*4*+ ' ++++ +++ ++++ 4*++ t.ix + TTTT
Abdominal
aorta ++ + +++ ++ +++ ++ ++ ++
Coronary
arteries ++ + ++ . +4* ++ ++ ++ +
Kenal .
arteries ++ + ■ ++ ■ - ++ ++ ++ +" ' ■
T a b le '3*129 (con tinued)
2cfr Cholesterol alone (Group 3)
Rabbit No, 1 2  ^ A H 6 7 8i.l&'WJL V JL
Thoracic aorta 444 4
— j— — —  
444 4
.
4*4* ■ 4* 44 444
Abdominal
aorta 44 4 4*4“ 4 4 4 4 4 ’
Coronary
arteries 4 - • ■ - - V - 4-' -
Henal
arteries 4* : - . -  : - - ■: -
Ho Cholesterol. No CO outside chamber (Groun 4)
Rabbit No. 1 2 _ 3 _ 4 ..5 .. 6 7.. 8
Thoracic aorta ~ - 4 .. . -
Abdominal
aorta . - ■; " : «. — - ■ - -
Coronary
arteries - ~ — ' — - 4 -
Henal
arteries - - - -
No Cholesterol. No CO Inside chamber (Groun *5)
Rabbit Ho. 1 2 ....3 ... „ ,4
Thoracic aorta - - -
Abdominal
aorta -  . —
Coronary
arteries — - ■ ■ -
Renal arteries - - -
The grading system is decrlbed on p Figure 3*49 is an example of a grade 
4444 lesion, 3.52 of a grade ++, 3.51 of a grade + and 3*50 of a - lesion.
W llcoxon Rank te s t comparing s e v e rity
o f le s io n s  In  the th o ra c ic  a o rta .
Thoracic Aorta ■
RaVbit Cholesterol alone CO alone CO 4- Cholesterol CO * Cholesterol
v Control ( i) v Control ( *.) v CO alone (^ ) v Cholesterol
alone ( 0
■ 1 v ■ 2 ; ; 4*5 ' ; 7 ; ' 8*5
2 7*5 : 4*5 5 . ■ 5*0
3 . 2 \ 13*5 ■ 3 ' . 3*0
\ 4 : 7*5 ■ 1 V 7 8*5
5 4*5 " 13*5 'V 3 -5*0
6 7*5 4*5 3 . 3*0 ■ ‘
7 4*5 4*5 7 8*5
8 2 4*5 3 3*0
Total 37*5 50*5 38-0 40*5
1* 13 13*5 12 8*5
2* 13 13*5 12 15*0
3* 7*5 V  4*5 ■ -,B*5
4*" 13 13*5 9 15
5\ 13 15*5 15*5 12*5
& '■ . 13 ; ■ 13*5 . . •  12 ; 15
r 13 13*5 12 12*5
8V 13 13*5 12 8*5
Total 98*5 99*0 100-0 95*5
p. <  0*01 >  0*05 <  0*01 < 0*01
TABLE 5.151
H ilcoxon Bank te s t comparing s e v e rity
o f le s io n s  in  the Abdominal a o rta .
Abdominal Aorta.
Babbit Cholesterol alone CO alone CO +' Cholesterol CO + Cholesterol
v Control ( *]) v Control ( *.) v CO alone' •(♦.) v Cholesterol
Alone (O
1 1 * 5 v 9 * 5 ■ '■■ ‘ 5: ■ 6
2 5 * 5 9 * 5 10 13
3 1 * 5 9 * 5 1 * 5 1 * 5
4 5 * 5 1 * 5 - 5 6
5 5 * 5 9 * 5 1 * 5 1 * 5
6 5 * 5 1 * 5 5 6
7 5 * 5 9 * 5 5 6
8 5 - 5 9 * 5 ■ "  5 ; 6
Total 3 6 * 0 60 38 4 4 * 5
1* 1 2 * 5 9 * 5 1 3 * 5 6
2* 1 2 * 5 9 * 5 1 3 * 5 13
V 1 2 * 5 9 * 5 1 3 * 5
6
4* 1 2 * 5 9 * 5 10 13
5* 1 2 * 5 9*5 1 3 * 5 13
6* 1 2 * 5 9*5 10 15
7* 1 2 * 5 9 * 5 1 3 * 5 13
8* 12 *5 9 * 5 1 3 * 5 13
Total 100 7 6 101 9 °
P < 0*01 >  0 * 0 5 <  0 * 0 1 o • o _
x A hi A
TABLE 15-2
Coronary Arteries
Rabbit Cholesterol alone CO alone CO + Cholsterol CO + Cholesterol
v Control ( ») v Control ( ?) v 00 alone («) v Cholesterol
alone (
1 2 9*5 3*5 3*5
2 10 9*5 8 8*5
3 10 9*5 3*5 3*5
4 10 1*5 3*5 3*5
5 10 9*5 3*5 3*5
6 10 9*5 3*5 3*5
7 2 9*5 3*5 3*5
8 10 9*5 8 8*5
Total 64 68 37 38
1* 10 9*5 13 8*5
2* 10 9*5 13 13*5
3* 10 9*5 13 13*5
4* 10 9*5 8 13*5
5* 10 , 9*5 13 13*5
69 10 9*5 13 13*5
7* 2 1*5 13 8*5
8» 10 9*5 13 13*5
Total 72 68 99 98
p > 0*05 >  0*05 < 0*01 <  0*01
W llcoxon Rank te s t conrnaring s e v e rity  o f
le s io n s  in  the Renal a r te r ie s .
Renal Arteries
Rabbit Cholesterol alone GO alone CO + Cholesterol Cjj) * Cholesterol
■V Control (l) v Control (» ) v CO alone (? ) v Cholesterol
alone (t)
1 ■ " 1 / ' 8 * 5  3*5 3*5 :/
2 9 ■ 8*5 ■ . ; 7*5 8
3 9 8*5 ■ 3*5 3*5 ;
: 4 9 ' ■ 8*5 ' - 3*5 • ‘ 3*5
5 ; 9 ■ 8*5 3*5 3*5
6 9 8 * 5  3 * 5 3 * 5
7  9 8*5 3*5 3*5
8 9 8 * 5  7*5 8
Total 6 4 6 8 3 6 37
1 * 9 8*5 12*5 8 ;
2 * 9 8*5 12*5 13
V  9 8*5 12*5 13
4 * 9 8*5 12*5 1 3
■' 5f ■ . '9 ■ ■ . 8*5 ■; X  12*5 . '13 • .
6' 9 8*5 12*5 13 •
V 9 8*5 12*5 13
8* 9 8*5 12*5 13
Total 72 68 100 99
p >  0*05 > 0*05 <  0*01 <0*01
F ig u re  5 .4 9  S e c tio n  o f  th o ra c ic  a o r ta  from
rabbit fed for four months on a 
C h o le s te ro l d ie t  and b re a th in g - 
300 p.p.m. CC. Severe atheromatous 
le s io n s  ce n te re d  m a in ly  around the 
intercostal a r t e r ie s ,  x  1*7
e c tio r .  of th o ra c ic  a o r ta  trcm 
c o n tro l r a b b i t ,  x  1*9
-Iftura 5.51 ection of thoracic aorta from rabbit
breath in;; 500 p. p.m. ="0 for four months, 
linor lesions, often unrelated to the
intercostal arteries, x 5*1
i,°ure 3.52 heft ection of thoracic aorta fvon rabbit 
fed for four months on %  cholesterol but 
not exposed to CO. i dit similar section 
from control rabbit. xl*7
-.l-^ urv-r of pi aqua in  thoracic aorta. nodes terol
fed and CO exposed. e ig ert*8 stains 
Ihickened intina. Inner layers of the elastic  
media appear to be p a rtia lly  separated as 
L oagh invaded by lip id , x 112
lu r e  5.54 of plaque in Rerial artery from cholesterol
fed and CO exposed animal. Yelgert*ra stain. 
Grossly thickened intiasa with large clear foaai 
cells , Clearly defined rupture of the Internal 
elastic lamina (centre), x 112
i^ laure 5*55 ' thoracic aorta. Normal control
rabbit* ’-.eigarts atsvin. x 145
figure 5*56 T.l thoracic aorta, formal control
rabbit* '-eigert Ttr<mch (tcore’s 
! edification). x 143
T-'lraure 7.57 To cf tkmeic aorta, dholesterel fed
and CO exposed, 'Ihe large dark patches 
are cholesterol and its esters, seen 
localised -along the internal elastic lamina 
under the thickened in time, erly plaque 
f o r m a t i o n  Jchultz's r e a c t i o n ,  x 1 4 3
^  V * * . '  * ?
$£ ' ■■• ^  i
H
■1 >eure y>,56 TS of thoracic aorta. Cholesterol fed
m d  C O  e x p o s e d ,  f h e l - s s t e r o l  a n d  c h o l e s t e r o l  
esters concentrated in lower intlma along 
t h e  i n t e r n a l  e l a s t i c  i t t s r i b r a a i a ,  . a c t i o n  f r c R  
rabbit showing more extensive plaque formation
H W B I .In  F i g u r e  3.57* S c h u l t e ' s  r e a c t i o n ,  x  1 ? 8
r j .4m :  W ?  'io  t h o r a c i c  a o r t a ,  c h o le s t e r o l  fe d  and
v0 ©ypoaecU Tchults*3 reaction. 
G r o s s ly  th ic k e n e d  i n  t i n  a  c o n t a in in g  
cholesterol situated in concentrated 
p a tc h e s  a lo n g  th e  i n t e r n a l  e l a s t i c
lamina* x 179
r,i,^ir<? v*60 rP ’ thoracic aorta, T. exposed aniiml, 
not cholesterol fed. Thickened intiiaa 
with no evidence of cholesterol involvement. 
; chults’s reaction* xl43
Figure 3.61 TS thoracic aorta. Control rabbit normal 
intima. x 143
Figure 3.62 TS thoracic aorta. Control rabbit possible 
early spontaneous plaque formation on right
x 143
Figure 3.6r5 TS thoracic aorta, Cholesterol fed rabbit 
no CO exposure. Some cholesterol invasion 
of intiioa with little thickening, Schultz’s 
reaction, x 143
5 .' • .
Figure 5.64 TS thoracic aorta. Cholesterol fed rabbit.
Ho CO exposure. Cholesterol invasion of 
intima with minimal intimal thickening.
x 143
Figure 5.65 TB thoracic aorta. Section through
localised plaque from rabbit fed on 
cholesterol but not CO exposed. 
Cholesterol distributed throughout 
plaque. Schultz*s reaction. x 143
Figure  3.66 Thoracic intima. Control. Ridges 
largely parallel but some irregularities
x 1,120. V- V-,
Figure 5.67 Thoracic Intima. Control. Area 
of ridge deformity, x 1,200.

F igure  3.68 Thoracic intima* Control* Ridges 
clearly separated but notparallel* 
x 1,120.
Figure 5*69 Thoracic intima* Control* Area 
of ridge deformity* x 1,200*

Figure 3.70
Figure 3.71
Thoracic aorta around an. intercostal 
artery outlet. Direction of blood 
flow would be from righ t to le f t .
Area of ridge deformity on in le t side 
of artery, x 100.
Thoracic intima. Control. "Cobblestone” 
appearance of surface around the proximal 
side of an intercostal artery ( top)•
X  1,020. ,

F igure  3 .
F igure  3.75
Thoracio intima. CO exposed. 
Ridges swollen and with 1bumped* 
appearance, x 1,000.
Thoracic intim a. CO exposed. 
Ridges very swollen end flattened  
targe amount of fib rin  deposition 
x 1,000. : /

Figure 3.74 Ihoracic intim a. CO exposed 
Flattening of ridge pattern, 
x 1,200.
Figure 3.75 Thoracic intima. CO exposed
Flattening of ridge pattern.
. X 1, 000. '

Figure 3.76 Thoracic intima. CO exposed.
Ridge flattening and blistering, 
(arrowed) x 230.
Figure 3.77 Thoracic intima. CO exposed, 
Close-up of ulcer arrowed 
(centre) in Figure 3*7'6* 
x 10,000.

Figure 5.78 Thoracic intim a. CO exposed rabbit.
Large area of ridge deformation and 
intiraai ulcers (arrowed) x 250
Figure 3.79 Thoracic intima. CO exposed rabbit,
x  5 5 0 .

thoracic aorta* CO exposed. 
Close up of u lcer, x 6,000*
Figure 5*81 fhoracic intima, CO exposed.
More regular ridge pattern, "but 
occasional, ulcers (arrowed), 
x 1,100*

Figure 5,82 rihoracic intima, CO exposed. 
Low power view, "Cobblestone" 
: appearance of surface, x 200,
Figure 3,83 Thoracic intima. Control, Ridge 
pattern sometimes .irregular and 
small area of ridge deformity, but 
surface generally smooth, x 109•

Figure 5 * 84 Thoracic aorta. Intim al surface around 
an intercostal outlet. CO exposedi 
rabb it. Ridges are re la tive ly  smooth 
although area of deformity can be seen. 
The ridge folds are arranged erra tica lly  
and are not longitudinal as they are in  
a control artery, x 60.

Figure 5.85 TS. Abdominal aorta fixed at
atmospheric pressure, x 90
Figure 5.86
Figure 5.87
T8. Abdominal aorta fixed at 60
mm.Hg above atmospheric pressure
x 90-,
TS. Abdominal aorta fixed at 120
mm.Hg above atmospheric pressure 
x 90"'-,

d. Discussion
The earlier observation of Rosenblath (1925) among others that 
carbon monoxide poisoning led to thickening of the arterial wall with 
swelling of the vascular membranes, appears to be true also of chronic 
low level exposure. In the present study, the electron scan microscopy 
reveals that the normal ridge pattern gives way to ridges which are 
bumpy and which are flattened after CO exposure. Although it is 
indirect evidence it is presumed thit this appearance is brought about 
by swelling in the arterial wall. Kjeldsen, Astrup and Wanstrup (1972) 
noted that CO produced a similar change in surface architecture and 
confirmed by transmission electron microscopy that it was due to 
sub-endothelial swelling caused by oedema fluid. In their study, 
after CO exposure, the endothelial cells were seen to be partially 
loosened with a large odematous sub-endothelial space below the basement 
membrane. The basement membrane itself was also seen to be ruptured 
in some cases, with the sub-endothelial space protruding into the 
endothelial cells in small blisters.
Since cigarette smoking results in appreciable blood levels of 
COHb (Section ii) and since cigarette smoking is associated with an 
increased incidence of atherosclerosis (Poll and Hill 19&4* Hirayama 
I972) it is of importance to determine any possible etiological 
relationships between CO and arterial pathology. The series of 
experiments in which rabbits were exposed to CO and fed cholesterol 
indicates that in the rabbit at least, carbon monoxide enhances the 
atherogenic properties of cholesterol* CO and Cholesterol given 
together increases the severity of atheroma significantly above either 
CO given alone or cholesterol given alone. (Tables 3*130 - 3*133)*
Since Anitschow (1913) first showed that the addition of cholesterol
to the diet of rabbits produced atherosclerotic - like lesions, no 
other comparable atherogenic agent has been described. However in 
the rabbit, the production of an atherosclerotic lesion resembling 
the human lesion (characterised by necrosis and the accumulation of 
lipid debris ?dthin the plague), can only be produced by adding further 
manipulations to the cholesterol diet* For example administration 
of adrenaline, Vitamin P or alternate cholesterol feeding and normal 
feeding are necessary to produce true atherosclerotic lesions. .
(Constantinides^ , Booth and Carlson i960,, Constantinides and Chakravarti 
1961, Constantinides 1965)* It is reasonable to suggest therefore 
that atherosclerosis formation depends upon the presence of a "primary 
atherogen" which in all cones is probably cholesterol and. a Mcc-atherogen 
which may be one of a number of different agents. It has been suggested 
that these agents act by a common effect - that of hypoxia. (Hueper 1944) 
Eueper’s contention that tissue hypoxia was an important factor in the 
production of atherosclerotic lesions is confirmed by the later work of 
Lorenzen and Helin (1967); and KJeldsen, Wanstamp and Astrup (1998), who 
induced atherosclerosis by cholesterol feeding and arterial hypoxaemia. 
%asnikov (1959) and Fillios, Andrus and Naito, (1991) showed that 
arterial hypoxia increases the rate of lipid deposition into the arterial 
wall. Kjeldsen, Astrup and Wanstrup (1999), found additionally that 
they could inhibit cholesterol-induced atheromatosis by exposing rabbits 
to a high (28^ ) inspired oxygen. If tissue hypoxia is an important 
factor in atherogenesis then it is to be expected that CO will be an 
active agent, since CO would be expected to produce tissue hypoxia 
(Section iv). Other cb^atherogenic agents such as adrenaline,
Vitamin B, B-thyroxine and arsenic are suspected of being active because 
they interfere with oxidative metabolism in the vascular wall.
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( Constantinides 19^5)* Kjeldsen (19&9) has calculated that in  
the presence of 10-15^ CGH^  carbon monoxide binding enzymes may 
be "sign ificantly inhibited” i f  the tissue oxygen consumption is  
h i^ i so that ce llu lar Oxygen tensions are very low. In these 
circumstances the ra tio  of CO to 0  ^ would be high and i t  would 
be reasonable to expect that enzymes such as P-450 which are 50$ 
inhibited i f  the JO/Og ra tio  is  1 (Omura# Sato, Cooper et. a l. 1965)# 
might be p a rtia lly  inhibited. P-450 is  possibly involved in  the 
breakdown of cholesterol in  the a rte ria l wall. , Simpson and Boyd 
(1966) have shown that the f ir s t  step in  the catabolism of cholesterol 
in  the adrenal cortex is  the cleavage of the cholesterol side-chain 
to form pregnenolone. Ihe enzyme catalyzing th is is  a mixed function 
oxidase o f which P-450 is  a component. I t  is  therefore possible that 
CO acts not only by lim iting  oxygen ava ilab ility  to the tissue cells 
(as described in  Section iv ) but also by direct enzyme inh ib ition  of 
certain oxidases which are part of the normal mechanism fo r removing 
cholesterol from the vascular wall.
A further effect of CO may be in altering the rate of transfer 
of cholesterol into the a rte ria l wall. I t  is  known that the principle 
source of cholesterol accumulating in lesions is  the blood plasma and ; 
th is is  true in  the rabbit as in man (Newman and Zilversmit I 962.,
Jensen 1967). V irtua lly no de-novo synthesis of cholesterol occurs 
in the normal rabbit aorta (Whereat 1967)* I t  is  possible then that 
anincrease in the rate of which cholesterol gains access to the a rte ria l 
wall is  one way in  which CO exerts an effect. However i t  is  uncertain 
just how cholesterol is  transported into the vessel wall. I t  is  possible 
that i t  is  transported as a lipoprotein protein complex, since such 
compounds have been indentified in  atherosclerotic plaques. (Kao and
Wissler 1965)* However this s t i l l  poses the problem as to how such 
high molecular compounds get through the endothelial layer. The 
lipo proteins or free cholesterol could move through the junction 
between the endothelial cells by a passive transport process, and be 
deposited in  the sub-endothelial space, This is  normally a very 
narrow compartment between the basement membrane of the endothelial 
cells and the internal elastic lamina. (Ts’ao and Glagov. S. 1970) 
Alternatively these lip id  compounds could be transported into the 
endothelial ce ll body or through the ce ll by either active or passive 
transport processes. Jensen (19^9) has shown that cholesterol transport 
is  throu^i the ce ll body and is  by means of an energy dependent 
pinocytosis. However ihe bulk of present knowledge seems to suggest 
that lip id  transport is  purely passive and represents a simple 
equilibration between circulating cholesterol and lipoproteins and 
lip id  components of endothelial membranes. (Dayton and Hashimoto 1970)
CO could increase the rate of lip id  transport in  th is way by increasing 
the plasma cholesterol concentration and thereby increasing the 
cholesterol concentration gradient between the lumen and the vascular 
wall. This would only be effective i f  cholesterol transport was a 
passive mechanism since active transport is  not dependent on concentration 
gradients. The effect of CO on plasma cholesterol has not been 
demonstrated in  th is study, but Astrup, Kjeldsen and Wanstrup (1967) 
and Astrup and Kjeldsen(1969) found an increase of 15-20^ > compared 
to the control values when rabbits were exposed to between 150 and 400 
p.p.m. CO. They suggest that CO inh ib its lipoprotein lipase and thus 
slows the rate of lip id  clearance from the blood.
I t  has been suggested previously that CO causes sub-endothelial 
oedema. This view is  strengthened by the appearance of the intimal 
surface seen by the electron scanning microscope. I t  is  an a ttractive
hypothesis therefore that the structural alteration th is brings 
about could cause tearing or stretching of the junctions between 
the endothelial ce lls. This would Seem even more lik e ly  i f  CO 
induced oedema could be shown to lim it the vessel*s potential 
adaptability to tensile stress.
The experiments relating the appearance of the medial elastic
laminae and the intimaj. folding to luminal pressure changes indicate
that in  the normal aorta the intima remains unstretched even when
luminal pressure is  sufficient to straighten the medial laminae.
I f  the space between the internal elastic lamina and the endothelial
ce ll layer was swollen with odema flu id  then presumably the intima
would also be stretched at physiological pressures. I f  the tensile
lim it of the endothelial layer was exceeded by the distension due to
blood pressure then the layer would shear at its  weakest points -  the
in terce llu la r junctions. Vh&& th is may be so is  supported by the
observation of Kjeldsen Astrup and Wans trup (1972), that a fter CO
exposure fib rin  plugs could be seen to be deposited in  a pattern
resembling the ce ll outlines. The known association between
hypertension and atherosclerosis (Gordon, Sorlie and Kannel 1971) niay
also be related to th is mechanism. This too would presumably stretch
the intima beyond tensile lim its  even in  the absence of sub-endothelial
swelling. Further studies on the pressures required to stretch fu lly
or to rupture the intima and on whether the intima is  fu lly  stretched
at considerably lower luminal pressures after CO exposure are required
to confirm these observations* The histochemical studies presented
here tend to suggest that the sub-endothelial space is  where the 
cholesterol is  deposited in  early plaque formation. I t  was clearly
seen that cholesterol was lined up along the internal e lastic lamina.
Tills observation would he compatible with the theory that damaged 
endothelial in te rce llu la r junctions were the site  of cholesterol 
transport* Itocan, Buck and lynch (1965) hawe shovm that stretching 
the aortic wall increases the rate of passage of albumen and lip id s  
into specimens ’in -v itro , which lends further -weight to such a hypothesis.
A passive transport through the endothelial ce ll body along a concentration 
gradient wouldexisi only as long as the plasma cholesterol concentration 
exceeded that in  the sulk-endothelial space* Once equilibrium had been 
established in flux  and efflux of cholesterol would be equal and no 
further cholesterol deposition in  the plaque would take place. However 
th is is  not the c:^ ?es to the contrary i t  is  now known that uptake 
of cholesterol is  more rapid into a plaque than into a normal vascular 
wall* (loflend and Clarkson 1970) I t  is  known also that lip id  uptake 
is  greater into thickened than into normal intima. (Adams and Bayliss 
1969) Furthermore Albrecht and Schuler (1965) showed that cholesterol 
uptake into the a rte ria l wall was slow during the f ir s t  35 days of 
cholesterol feeding in  the rabbit but a fte r that cholesterol is  
deposited at a fa r greater rate. A ll of these observations suggest 
that cholesterol concentration gradients alone are not responsible fo r 
the passage of the lip id  into the a rte ria l wall.
A theory of intimal or endothelial damage combined with sub-
endothelial flu id  accunruiation was f ir s t  made by Ribbert in  1904*
This was restated by Bossle (1944) £**d has become knovm as Bessie*®
n
Insudation or serous inflammation theory. Hossle’ o theory requires 
that there are ’’noxious agents’’ in  the blood that "in jure” the 
endothelium. This then leads to an altered perfusion of flu ids 
across the endothelium with local serous Inflammation. There is  as 
a consequence an accumulation of insudate flu id  beneath the endothelium.
Hauet and More (1972) in  a review of theories of atherogenesis find  
th is at tractive el thou# they state that to date no "noxious agents" 
having th is effect have been .in&entified. I t  is  perhaps possible 
that CO is  one such agent.
The evolution of the atherosclerotic plaque once the proposed 
in it ia l process has begone' would follow a predictable course. As 
a result of the in flux  of lip id  and its  deposition in  the sub-endothelial 
space the intima would thicken with avascular connective tissue as 
described by Hossle (1944). The fib rin  cap which is  characteristic 
of the atherosclerotic plaque would be part of this tissue reaction 
which perhaps could be regarded as analagous to scar formation. Since 
the rabbit thoracic aorta has no medial vasa vasora i t  depends entire ly 
on its  oxygen and nutrient supply from direct perfusion from the 
a rte ria l blood (Sehlichter 1949)• there there is  wall thickening 
oxygen diffusion w ill oe lim ited and tissue hypoxia w ill become more 
pronounced. In th is state the relative effect of CO on enzyme 
inh ibition becomes more pronounced also since inh ib ition depends on 
the CC/Gg ra tio . In the human the situation might be somewhat 
different because the thoracic aorta has a system of vasa vasora 
extending to between the inner |  (l/oerner 1951) or i  (Glagov 1972) 
of the media. However the intima and the inner part of the media 
s t i l l  re lies upon diffusion from the lumen and according to K irk and 
Laursen (1955) the thickness of th is avascular inner a rte ria l wall is  
very near to the lim iting  diffusion distance fo r oxygen. Any thickening 
of the intima might well lim it diffusion of oxygen to such an extent a s .  t o  
render parts of the vascular wall hypoxic. These localised thickened 
areas would also be liab le  to further stretch damage which would 
perpetuate the process. On these grounds therefore i t  might be 
ejected that once the in it ia l process had been i n i t i a t e d , :  b y  e x p o s u r e
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to cholesterol and 00 (or other hypoxic co-atherogen,^ the process 
would progress even in  the absence of the co-atherogen although 
presumably the continued presence of cholesterol would be necessary.
I t  would be a valuable extension of the present studies to investigate 
the differences in the role of 00 in  the in itia tio n  and in  the 
progression of the atherosclerotic plaque. I t  is  interesting to 
note here that Cassel, Heyden, Bartel et. a l. 1971 in  the ir prospective 
study of 7*281 men and women in  Evans County ¥.8.A., found that ex­
smokers had the same incidence of coronary heart disease as current 
smokers. Both groups had a s ig n iflcm tly  higher incidence than those 
who had never smoked.
Since the hypotheses extended here depend in it ia lly  upon a CO 
induced sub-endothelial oedema i t  is  obviously important to. question 
the mechanism by which th is f ir s t  step might occur. I t  was observed 
here in  confirmation of Astrup*s observation (1972) that the serous 
cavities ( i.e . pleura, peritoneum and pericardium) contained more flu id  
in CO exposed animals than in  control animals. Astrup (1972) found 
that th is flu id  had a h i#  protein content. Parving, Ohlsson, 
Buchardt-Hansen et. a l. (1972) have shown that low levels of CO increase 
the permeability of capillaries to both high and low molecular weight 
proteins. Astrup (1972) does not believe th is increased permeability 
is  due to  an increase in pinocytotic rate of transfer and i t  seems at 
present unknown as to why CO should have th is effect. Maurer as long 
ago as 1940 and 1941 showed that both hypoxic hypoxia and CO increased 
the rate of cervical lymph flow and to ta l lymph protein flow. He 
concluded that th is could only result from an increase in  capillary 
permeability to proteins. Siggaard-Andersen, Bonde-Petersen, Hansen 
et. al* ( 1968) found that CO Increased vascular permeability to serum 
albumin I   ^ although exposure to an altitude of 5*454 metres did not do
, ■ ■
so* Whatever the mechanism* i t  seems lik e ly  that as well as in 
the capillary, CO w ill increase the permeability of other vascular a 
endothelia to,blood proteins. Ihe--increase in  protein osmotic 
pressure behind the endothelium w ill then cause the passage of water 
which gives rise to the insudate.
e. Summary ■
Chronic exposure of rabbits to 300 p.p.m. carbon monoxide fo r 
four months results in  minimal gross atherosclerotic changes although 
the a rte ria l intima is  seen to be thickened. Feeding on a 2$ , 
cholesterol augmented diet produces more discernable atheromatosis 
although the lesions are of low severity. Cholesterol feeding and 
CO exposure together produces severe aortic lesions with moderately 
severe lesions in  the coronary arteries, abdominal aorta and renal 
arteries. CO appears to enhance the uptake and deposition of dietary 
cholesterol into the a rte ria l wall. Electron scan microscopy of 
the a rte ria l intima indicates that CO may cause sub-endothelial swelling, 
and ulceration of the intima. Studies of the intima! ridge folding 
under physiological luminal pressures suggest that the normal ridging 
: issiat^to take up circumferential expansion at high pressures. The 
hypothesis is  extended that sub-endothelial oedema stretches the intim al 
surface causing i t  to tear under pressure at the endothelial ce ll functions 
allowing the ingress of plasma components, including cholesterol, into 
the.intima. , a.:. \
CQftGLUPING RMAHKS
Carbon monoxide is  seen to be a natural part of man’ s environment 
(Introduction). However th is endogenously produced CO combines with 
a very small fraction of the circulating haemoglobin and normally 
amounts to no more than 0*5/- COHb. Of interest in  a study o f the 
physiological and pathological effects of CO is  the hinder COHb levels 
associated with the inhalation of man-made CO. Early work on CO 
was concerned with understanding the effects of very high doses of the 
gas suffic ient to produce acute poisonings. Ih is interest in  the 
acute poisonous nature of CO which had a h istorica l paralle l extending 
back to at least 200 BC, was of importance in  the industria l revolution 
of the late 19th century end early 20th century, because of the increasing 
number of occupational sources of the gas as industry grew. However 
i t  was not conceived u n til the mid i 960 * s, that CO could function as a 
chronic poison. Chronic doses of CO have therefore to fa ll between 
the natural endogenous levels and the higher Ecute poisonous levels.
In looking fo r a widely distributed source of CO which produces these 
moderate levels more or less continuously, tobacco smoking is  found 
to be the most important, (introduction). Section!, therefore 
examines the question of cigarette smoking as a source of CO. Poking 
is'usually a discontinuous habit and exposure is  interm ittent. The 
time between cigarettes depends on the number of cigarettes smoked per 
day, since the more frequently cigarettes are smoked the less time on 
average there is  between each cigarette. I t  is  seen in Section I .  that 
smoking a cigarette produces a fa ir ly  consistent increase in  COHb, the 
way in  which this accumulates with successive cigarettes depends on the 
time spent not smoking during which CO is  being eliminated. Accumulation 
depends also upon any factor operating in  th is non-smoking period which
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might enhance or slow CO elimination. The number of cigarettes 
smoked per day is  therefore seen to be a reasonable index of the 
COHb concentration and ac tiv ity  levels are seen also to moderate 
the relation between numbers smoked per day and COHb concentration. 
Individuals smoking w hilst inactive, aceuimilate CO at a much greater 
rate than those smoking whilst active. I t  is  interesting to 
speculate whether these higher chronic levels of COHb in  sedentary 
smokers add to the h i^ ie r incidence of diseases known to be associated 
both with cigarette smoking and with inactiv ity . For example Cassel, 
Heyden, Bartel et. a l. 1971# found that farmers who smoked but 
performed sustained physieial a c tiv ity  whilst doing so* had lower rates 
of coronary heart disease than non-farmers who smoked and were inactive.
Such considerations lead naturally to question whether CO plays 
an aetiological role in  such diseases as Coronary heart disease. There 
is  certainly no doubt that cigarette smoking is  associated with eigni- 
fic a ttly  higher rates of coronary heart disease and atherosclerosis as 
compared to non-smokers (Section v ii) .  Furthermore i t  is  clear that 
i f  there is  a direct causal relationship between cigarette smoking and 
these conditions, the component or components of the cigarette smoke 
responsible must be absorbed by the lung and carried systemically*
There are many constituents of the gas phase of cigarette smoke which 
are absorbed but about which l i t t le  is  known (tf.S. Dept. of Health 
Education and Welfare. 1964). These include Methyl Chloride, Hydrogen 
cyanide, Methyl n itr ite , Kitrogen dioxide, acrolein, ammonia and hydrogen 
sulphide, some of which could be speculated as having physiological 
effects. However they are present in  re la tive ly small amounts compared 
to the 4 or of carbon monoxide (Section i ) .  The high proportion
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of CO, together with it*  s known physiological reactions make th is 
gas the most rewarding to study, although i t  should not he overlooked 
that gases such as Methyl n itr ite  {which forms methaemoglohin) the 
nitrogen oxides (which form nitroxyhaemoglobin) and hydrogen sulphide 
(forming sulphaemoglohin) may have sim ilar physiological effects and 
therefore he additive to the effects of CO. (Stokinger i 960) The 
other systemically absorbed constituent of cigarette smoke which has 
received considerable attention is  nicotine. I t  is  possible that 
nicotine may cause lip id  accumulation in  the a rte ria l wall by in te r- 
ferring with oxidative metabolism (Kupke I.R. cited by U.S. Department 
o f Health Education and Welfare. 1973)*
The present study has lent weight to the suggestion f ir s t  made 
by Astrup and his co-workers that carbon monoxide can increase the rate 
of lip id  deposition in  the a rte ria l wall. However CO would be seen 
as only one of a number of aetiological factors in the association 
between cigarette smoking and vascular pathology. Other constituents 
of cigarette smoke may play a part, and there are undoubtedly other 
constitutional and dietary factors involved. For example a h i^ i fa t 
d iet and hypertension are both h i^ i risk  factors (Cordon, Sorlie and 
Kannel. 1971) • I t  is  interesting however that the hypothesis extended 
in Section v i i  that CO in  causing intiraal stretching may in  turn cause 
structural damage to the endothelium allowing cholesterol to enter 
the intima, embraces both of these risk factors. A high serum cholesterol 
would undoubtedly be more dangerous that a low serum cholesterol, since 
the quantity of lip id  entering the wall a fter damage to be endothelium 
w ill depend on the lip id  concentration in  the blood. Additionally a 
high blood pressure would be more lik e ly  to cause the suggested endothelial
tearing since i t  is  parikof the hypothesis that GO, is  causing sub- 
endothelial swelling, affects the normal protection to  circumferential 
expansion afforded by the intimal folding.
I t  was seen in  Section v. that exposure to CO resulted in  a rise 
in  blood glucose, This has also been seen as a result of cigarette 
smoking (Murchison and ly fe , 19^6., Sandberg, Roman, Zavodnick et. a l. 
1973*5 although here i t  is  thought that nicotine is  the responsible 
agent acting via the release of catecholomines. (Hickey and. Hamer, 1973) • 
I t  was demonstrated also in  Section v. that prolonged exposure led to a 
return to normal laf the blood glucose concentration. I t  is  possible 
that th is occurs as a result of an increase in  insulin output, although
this has never been shown with CO. Sandberg, Roman, Zavodnick et. a l.
1973* have demonstrated a small but significant rise in  iramunoreactive 
insulin a fter cigarette smoking. However what is  perhaps of relevance 
is  that i t  has been suggested that insulin is  an atherogenic agent.
(Stout, 1968,, Hartel, Funsar, and Houhija, 1968). This provides yet 
another aetiological factor to be considered. Also relevant here is  
the proposal made by YudUin (1963) that high sucrose levels in  the diet 
were associated with coronary heart disease. This too might have a 
common mode of action throu^i insulin  release.
The cause of the rise in  blood glucose is  also of interest in
relation to the possib ility  of CO or cigarette smoking causing the
release of catecholamines. Catecholamines are also known to be capable 
of enhancing experimentally produced atherosclerosis. (Constantinides 
1965) I t  was concluded from Section v. that CO probably did not 
cause hyperglycaemia by catecholamine release. However increases 
in urinary excretion of catecholamines after cigarette smoking were 
noted by Kershbaum, Bellet, liroines et. a l. (1966). Since nicotine 
is  known to release adrenaline from the adrenal medulla (Watts i 960,
Hickey and Hamer 1973) i t  is  probable that th is is  the releasing agent 
in  cigarette smoke.
In relation to CO and vascular disease, B im stingl, Brinson and 
Chakrabarti, (l97 i) found that 400 p.p.m, CO caused ian increase in  
p latelet adhesiveness. The cause of th is is  unknown but i t  may 
obviously be related to the to ta l c lin ica l picture of peripheral 
vascular disease which includes intravascular thrombus formation.
The possible role of CO in  atherosclerosis formation rests upon 
its  a b ility  to cause an increase in  filtra tio n  of flu ids across the 
endothelial membrane, a, phenomenon which has been seen to extend to the 
capillaries (Siggaard-Ahdersen, Bonde-Petersen, Hansen At. a l; 1968) .
This effect of CO may have other manifestations. I f  a sim ilar reaction 
took place in  the lung capillaries, then the resulting pulmonary oedema 
could well account fo r part of the observed lov/ered uptake rate of CO 
after prolonged CO exposxlre (Section i i i ) .  A further study of th is 
would be valuable. I f  considerable amounts of flu id  le f t  the circulation 
then a decrease in  blood volume might be expected. Siggaard-Andersen, 
Bonde-Petersen, Hansen e i. a l. (1968) could find no decrease in  blood 
volume with CO exposure although they did find an increase in  capillary 
permeability; They state that the ir method was su ffic ien tly  inaccurate 
fo r a small decrease to have gone unobserved. In view of the known 
effect of hypoxia in  decreasing plasma volume by allowing an increase in  
water loss from the circulation, i t  is  important to establish whether 
or not CO has this effect. I f  blood volume does decrease, i t  could 
explain in  part the rise in  blood ce ll count and haematocrit values soon 
after CO exposure. (Section i i ) .  I t  would not however explain the 
sudden apparent loss of red cells immediately after CO exposure, although 
again i t  is  conceivable that i f  the capillaries are su ffic ien tly  ‘ leaky*
some small erythrocytes could be lost from the circulation# However 
this would s t i l l  not adequately explain the situation since apparently 
there was no change in  haemoglobin concentration# I f  only the 
smeller erythrocytes were lost a change in  the red c e ll size distribution 
would have been expected and again this was not observed# Theproblems 
associated with capillary leakage, blood volume changes and acute 
haeraatological changes are ones which need careful re-examination. I t  
is  of interest here that Bisen and Hammond (1956) found acute increases 
in  packed ce ll volume, red ce ll count and haemoglobin following 
cigarette smoking# This phenomenon may be related to blood volume
changes# - A' ‘\ '  ' ^
The fundamental physiologfeal reaction of CO is  lik e ly  to be that 
of causing tissue hypoxia# Probably a ll of its  physiological and 
pathological consequences are a result of th is one effect* CO does 
th is by three known effects# F irs tly  i t  combines with a proportion 
of the circulating haemoglobin effectively removing th is f r o m  functional 
oxygen carriage# (Section i)# Secondly i t  causes a s h ift to the le f t  
in  the oxyhaemoglobin dissociation curve which impairs the a b ility  
of haemoglobin to impart oxygen to the tissues. (Sect!on iv ) • Thirdly 
i t  may in h ib it tissue oxidative ensymes and the cytochrome system and 
thereby preventing tissue cells u tilis in g  available oxygen (Section v ii) .  
Fourthly CO causes a fa ll in  the a rte ria l FOg which is  due ind irectly  
to the leftward s h ift in  the oxyhaemoglobin dissociation curve. This 
s h ift reduces the mixed venous POg and even in  the presence of normal 
intrapulmonaxy shunts results in  a fa ll in  a rte ria l FOg. (Section i i i ) .
A ll of these hypoxic effects are probably additive. The consequences 
of this hypoxia in  the normal state are seen in  the production of an 
increased number of red cells as might be seen as an acclimatisation 
to altitude. However the compensations to hypoxic hypoxia and CO 
hypoxia have important differences. F irs tly  the increase in  red ce ll
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numters at a lfitade does effectively increase the carriage o f Og 
and offset the effects of the lowered inspired PO,,. In the presence 
of CO the increased red ce ll count compensates fo r the removal of 
some of the functional haemoglobin, but the major hypoxic effect of 
GO is  in  sh ifting  the oxygen dissociation curve, and th is persists.
I t  was seen in  Section i i i *  that acclimatisation does not result in  
any reversal of the dissociation curve s h ift.
A second difference is  that moderate altitude does not result in  
a fa ll in  mixed venoiis POg (Asnussen end Chiodi 1941), whereas even 
small amounts of COHb does. (Ayres, Giannelli and Armstrong, 1965) •
The fe ll in  a rte ria l POg at a ltitude stimulates compensatory increases 
in  circulation and ventilation m  shown by Asmussen and Chiodi (1941), 
ta t  no such responses to CO occur since the a rte ria l PO,, does not fa ll 
su ffic ien tly . (Klausen, Rasmussen, Ojellerod et. a l. 1968). The 
organism has to bear CO hypoxia without being able to ca ll upon the 
normal compensatory mechanisms which would deal with acute hypoxic 
hypoxia. Another important difference between the two situations is  
that a normal response to altitude is  a s h ift in  the oxyhaemoglobin 
dissociation curve to the righ t ( Aste Salasar and Hurtado 1944) whereas 
CO shifts the curve to the le f t  (Section iv ).
Despite th is poor potential adaptability to the effects of CO, 
i t  has been shown that there are some compensatory mechanisms a fte r 
prolonged exposure (Section i i i ) .  I t  would be interesting to examine 
acclimatisation in  human subjects a fte r prolonged exposure, especially 
to see i f  cigarette smokers had any d ifferent response to CO than 
non-smokers, since th is has never been done. I t  may be of importance 
also to discover whether certain smokers who develop atherosclerosis fo r 
example, are less acclimatised or have suffered a loss of acclimatisation.
fh is has a parallel in  altitude physiology where chronic mountain 
sickness (Kongo’s Disease) is  known to he a result of a loss of 
altitude acclimatisation (Arias-Stella 1971)• I t  is  of relevance 
here that at least two studies have shown that cigarette smoking 
causes hypoxaeraia# (Btreider and Kasemi 1967» Brewer, Eaton, Grover 
et* a l. 1971)*
5he hypoxic effect of GO is  lik e ly  to he at least one reason fo r ' 
the observed low b irth  weight babies resulting from cigarette smoking 
in  pregnancy, although other possib ilities exist, Eor example the 
increased glycolytic ac tiv ity  resulting from adrenalin release might 
reduce the foetal glycogen stores. I t  has been mentioned that 
adrenalin release is  more lik e ly  to result from nicotine then from CO,; 
although CO may have a direct effect on glycogenolysis (Section v)#
I t  is  interesting also that Younossai, Kacic, and Haworth (1968) found 
that children bom to smoking mothers had a lowered a rte ria l bicarbonate, 
and decreased pH, an acid-base disturbance that was seen to be a result 
of CO exposure in  Section iii#  of th is study* She same authors found 
the children to have an increased haematoerit compared to children bom 
to non-smoking mothers# This too has its  parallel in  the present studies 
(Section ii)#
I t  is  clear that although CO can be implicated on physiological 
grounds fo r many of the observed pathological consequences of cigarette 
smoking especially in  relation to vascular pathology and pregnancy, 
direct evidence that CO is  causal in  these conditions is  d if f ic u lt to 
obtain# However the evidence is  accumulating and carbon monoxide w ill 
certainly be seen not to be the ine rt physiological gas i t  was once 
thought to be#
In order to extend further our understanding of the physiological 
and pathological effects of carbon monoxide the following studies may 
.be suffested# , ■ .
1* Does acclimatisation to 00 occur in  cigarette smokers?
I f  so, does loss of acclimatisation occur in individuals showing 
susceptibility to atherosclerosis fo r example? (Section i i i )
2* Partition of 00 between mother and foetus. Transferor 
maternal GO to the foetus can only be implied from the present study.
I t  would be of value to demonstrate the source of the foetal COHb 
resulting from maternal 00 inhalation by using labelled CO (Section v i) .
5* Pulmonary function. The question of pulmonary capillary 
leakage and pulmonary oedema resulting from CO inhalation requires 
further study. (Sectionsiii and v ii)
4. The general question of CO causing capillary and endothelial 
leakage and its  relation to blood volume and haemaiological changes. 
(Sections i i  and v ii)
$. CO uptake from cigarette smoking requires more extensive study. 
The many variables affecting CO uptake need careful evaluation. Such 
information could be used to construct a computer model of CO uptake 
from smoking. In particular a circadian change in  CO excretion rates 
is  a possib ility  which requires investigation. (Section i)
6. CO in  pregnancy. The present study provides evidence of certain 
physiological effects of 00 from which i t  may be suggested that 00 is  
implicated in  the known associations between cigarette smoking and the 
outcome of pregnancy. Direct evidence of an effect of 00 is  required 
from animal experiments. (Section v i)
7. CO and insulin release. The possib ility  that CO induced 
hyperglycaemia results in  an increase in  circulating insulin requires 
further study. (Section v)
8* The reve rs ib ility  of CO induced a rte ria l damage. In view of 
the pressures applied to smokers to give up the habit, i t  would be of
value to know whether CO induced endothelial .damage was reversed 
when CO exposure ceased. (Section v ii)
9* CO and tissue hypoxia. There is  l i t t le  direct evidence that 
CO causes tissue hypoxia. Development of methods of estimating tissue 
POg end an investigation of the effects of low concentrations of CO 
on tissue POg would be of value. (Section iv)
10. CO and tissue enzyme inh ib ition . The proposed effects of 
GO on tissues are mediated via the effects of CO on haemoglobin and 
oxygen carriage. I t  is  not known whether low concentrations' of CO 
in h ib it tissue respiratory enzymes in  vivo. This may also have 
relevance to the acid-base changes seen as a result of CO exposure, 
and the suggestion that renal enzymesare involved. (Section i i i ,  iv  
and v ii)
11. CO and arte ria l d is ten s ib llity . The question of endothelial 
shearing at c r itic a l luminal pressures and the possib ility  that CO 
reduces this c ritic a l pressure to below normal physiological values 
requires examination. (Section v ii)
A p p e n d i x  1 .
' ( s e e  p & y o  8 6 )  ' ,
A n  a n a l y s i s  o f  v a r i a n c e  w a s  p e r f o r m e d  c o m p - r i n s  t h e  r e g r e s s i o n s  
o f  t h e  c a r v e s  d e r i v e d  f r o m  t h e  d a t a  fo r t h e  t h r e e  g r o u p s ♦ T h e
r e s u l t r j  o f  t h e  a n a l y s i s  a r e  g i v e n  i n  t h e  f o l l o v / i n . ; ;  t a b l e .
1 .  Comparing P ea t D o r te rs  and O f f ic e  w orkers
' S o u rc e ; ; r " 9 I):.:'- . - SSg.c:.: '•*■#<:+< . X* ' . ■*’••iao ■ J? •'
Hegreno ion 2 41*0816 20*5400
O if fc  rcncD 2*1653 0*7211 6*4313 <  0*001
Er r o r 160 1b*6912 0*1112
T o ta l 1 7 5 61*9361 0*3360 •
2 . Comparing Meat P o r te rs  and .-Pregnant -'Women
Source ' DP S3 rs - . ; .  ■ ■  :- p k ' ...kU-..:.R...--:.-::-
R egress ion 2 ;  64*0116; ; : 32*4030 ■ "
'D if fe re n c e . . ' 1*5342 0*5$14 5*6112 ; < '0 *0 0 1  :
Error - 291" . 26*5213 - '0 *0911 '
T o ta l 296 32*6670. 0*3137 :
.?*• Comparing.:• 'O ff ic e . W orkers and P regnan t Women
Source DP ' ;ss  ; s  • ■ ■ : p
Regression 2 . :  7 7 * 1 9 9 9  ' . 3 8 * 5 9 9 2 '
D i f f e r e n c e 3 ■ ■ '2 * 1 8 9 0 0 * 7 2 9 7 -  . 8 * 0 9 3 7  . <  0 * 0 0 1  '
B r x ' o r 271 2 4 * 4 1 6 5 0*0901
T o t a l 27 6 1 0 3 * 6 0 3 4 0 * 3 7 6 1
C o n c l u s i o n s
T h e  r e n a l t d  o f  t h e  a n a l y s i s  o f  v a r i a n c e  s t J g & e s t  t h a t  t h e r e  i s  a  
s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  c u r v e s  r e l a t i n g :  C O I Ib  l e v e l s  a n d  n u m b e r s  
o f  c i g a r e t t e s  s m o k e d  p e r  d a y  i n  e a c h  o f  t h e  g r o u p s  o f  i n d i v i d u a l s .
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ERRATA
p. 7. (line 2). According the Greek Mythology; should read according
to Greek mythology.
p . 2 1 .  (line 8) The weight of CO produced from one gram of tobacco-—
should read, The weight of CO produced annually in 
this country from tobacco-----
p .  34 (line 25) Cerboxydomanas should be Carboxydomonas
p .43 (line 17) For force read forced.
p. 45 (line 14) Omit s after differed.
figure 2.2 (line 5 of legend) peristallic should read peristaltic.
p.63 (line 17) For dilutions read concentrations. 
p.76 (line 15) For Cummins read Commins. 
p.108 (line 5) For no_ read not. .
p.153 (line 3) for the read to.
Figure 3.35 Vertical axis should read Mis CO. absorbed '% hour
(rats) or \ hour (rabbit).
p.185 (line 24) for aedema read oedema.
p.188 (line 24) For hyperbotic read hyperbolic
p.197 (line 9) For conr-incide read co-incida
p.237 (line 10) For musculative read musculature
p.248 (line 17) 20 in diameter should read 20y_ in diameter.
p.262 (line 25 For be read the
